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SYNOPSIS

SYNOPSIS

The direct methanol fuel cell (DMFC) is identified as a promising fuel cell for portable and micro fuel
cell applications. One of the major benefits is that methanol is an energy dense, inexpensively
manufactured, easily stored and transported, liquid fuel (Hamann et al., 2007). However, the
DMFC’s current efficiency and power density is much lower than theoretically possible. This
inefficiency is predominantly due to the crossover of methanol from the anode to the cathode, Ru
dissolution and Ru crossover from the anode to the cathode. In addition, the DMFC has a high
manufacturing cost due to expensive catalyst costs and other materials. Catalyst expenses are
further increased by catalyst loading due to low activity at the anode of the DMFC (Zhang, 2008).
Hence, with increasing activity and stability of the Pt-Ru/C catalyst, catalyst expenditure will
decrease due to a decrease in catalyst loading. In addition, performance will increase due to a
reduction in ruthenium dissolution and crossover. Therefore, increasing the activity and stability of
the Pt-Ru/C catalyst is paramount to improving the current DMFC performance and viability as an

alternative energy conversion device.

Pt-Ru/C catalyst synthesis method, precursors, reduction time and temperature play a role in the
activity for methanol electro-oxidation and stability since these conditions affect structure,
morphology and dispersivity of the catalyst (Wang et al., 2005). Metal organic chemical deposition
methods have shown promise in improving performance of electro-catalysts (Garcia & Goto, 2003).
However, it is necessary to optimise deposition conditions such as deposition time and temperature

for Pt(acac), and Ru(acac); precursors.

This study focuses on a methodical approach to optimizing the chemical deposition synthesis
method for Pt-Ru/C produced from Pt(acac), and Ru(acac); precursors. Organo-metallic chemical
vapour deposition (OMCVD) involved the precursor’s vapourisation before deposition and a newly
developed method which involved the precursors melting before deposition. An investigation was
conducted on the effects of precursor’s phase before deposition. The second investigation was that
of the furnace operating temperature, followed by an exploration of the furnace operating time
influence on methanol electro-oxidation, CO tolerance and catalyst stability. Lastly, the exploration

of the Pt:Ru metal ratio influence was completed.

It was found that the catalyst produced via the liquid phase precursor displayed traits of a high oxide
content. This led to an increased activity for methanol electro-oxidation, CO tolerance and catalyst
stability despite the OMCVD catalyst producing smaller particles with a higher electrochemically

active surface area (ECSA).
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The furnace operating temperature of the reactor played a significant role in catalyst activity and
stability as high temperatures caused sintering of the catalyst particles and higher degrees of
alloying. However, the lowest temperature in the study did not have the highest activity or stability
but rather 350 °C was found to be the favoured operating temperature. This gives a firm indication
that an optimum degree of alloying and catalyst morphology was found at this temperature. The
furnace operating time of the reactor does not have a noteworthy influence on particle size or
degree of alloying but affected ECSA, as a longer time in the reactor resulted in a lower ECSA and a
less active and stable catalyst. This finding confirms that catalyst morphology is affected by reactor
conditions and the preferred operating time in the reactor is the shortest time in this study of 30

minutes.

An interesting result was found in the Pt:Ru metal ratio investigation, as the ratio showing the best
result for that of CO tolerance was different from that for methanol electro-oxidation. A higher
degree of alloying was found in catalysts with a higher ruthenium ratio and ECSA decreased as
platinum content increased. The methanol oxidation onset potential was similar across the Pt:Ru
ratio range of 40:60 — 60:40, whilst CO oxidation onset potential had a clear minimum at 50:50. This
indicates the CO oxidation onset potential is more sensitive to changes in Pt:Ru ratio than methanol
oxidation. The second criterion for methanol oxidation activity is mass activity at 0.5 V vs. RHE
(MA/m?) and chronoamperometry experiments, which showed a Pt:Ru ratio of 50:50 to be the best

performing.

These findings indicate a profound dependence of the methanol electro-oxidation activity on
catalyst composition, particle size and morphology, and therefore CO tolerance and stability on
reactor operating conditions, preparation method and Pt:Ru ratio. This study adds knowledge and
some insight into catalyst preparation methods which could assist in enhanced catalyst design and

improved catalyst activity for DMFC purposes.
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1. INTRODUCTION

The need for sustainable energy and alternative energy sources is increasing as fossil fuels are
depleting, and the move towards ‘green’ energy is underway. Since there is no burning of fuel in fuel
cells, they are considered to be a clean process and have been proposed as an alternative energy

source to conventional methods (Zhang, 2008).

Conventional methods convert fuel into thermal energy by burning the fuel in oxygen. The thermal
energy is then converted into mechanical energy, usually via a turbine. Finally, the mechanical
energy is converted into electrical energy. Fuel cells convert chemical energy directly into electrical
energy by electro-chemically reacting a fuel with oxygen. Since this is a shorter energy pathway, the
process is potentially more efficient than conventional methods (Behling, 2012). Another advantage
of fuel cells is the silent operation due to few moving parts, which allows for easy maintenance (Zaidi

& Rauf, 2009).

The most widely studied and promising fuel cell currently is the hydrogen polymer electrolyte
membrane fuel cell (PEMFC), because the system can obtain a high efficiency and the only side
product is water. However, the hydrogen fuel cylinders are too large and heavy to be viable in
portable applications. For portable applications it is important to have a dense fuel that is rich in
hydrogen in order to reduce the weight and size of the fuel tank. Secondly, a significant hurdle is the
development of a reasonably priced and safe hydrogen infrastructure and distribution network to
replace the petroleum and diesel based system (Liu & Zhang, 2009). The disadvantages of hydrogen
technology initiated the research into an alternative fuel cells to be used with Direct Alcohol Fuel

Cells (Gao et al., 2012).

Methanol has been considered to be the most promising alcohol for portable and micro fuel cell
applications since methanol is a liquid under atmospheric conditions, synthesized easily and
inexpensively, and has a theoretical specific energy density of 6 kWh.kg™" (Hamann et al., 2007).
Therefore a Direct methanol fuel cell (DMFC) is a promising alternative to conventional batteries,
which have a much lower specific energy density of 0.6 kWh.kg™. This would translate into a longer
battery life and more power available on portable devices. In addition, the DMFC would have the
advantage of instantaneous refueling, unlike the rechargeable battery which requires hours to
restore power. Moreover, methanol production is a mature technology and can be stored and

distributed by adapting the current petroleum and diesel infrastructure (Zhang, 2008).

Despite the many advantages of DMFC’s over hydrogen PEMFC'’s, the drawbacks of DMFC's are the

high cost of materials used in fabrication, the crossover of methanol from the anode to the cathode,

1
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ruthenium dissolution and crossover from the anode to the cathode, low efficiency and low power
density (Zhang, 2008). Due to the low activity of the catalyst at the anode, catalyst loading at the
anode is approximately ten times that of the catalyst loading in a hydrogen PEMFC. The high catalyst
loading increases mass transfer limitations which further decreases the efficiency at the anode

(Shah, 2007).

Carbon supported Pt-Ru catalysts are considered to currently be the best catalysts for the anode of
the DMFC because of their tolerance of the carbon monoxide intermediate of the methanol
oxidation reaction and activity towards the water split reaction (Arico et al., 2001). These Pt-Ru/C
catalysts are usually prepared by chemical reduction of H,PtCls and RuCl; precursors with an atomic
ratio of PtysRugs (1:1) (Wang et al., 2005). However, it has been proposed that catalyst precursors
containing chloride have lower activity and stability than non-chloride precursors since the chloride
deactivates the active sites on the catalyst (Zhao et al., 2005). This optimum ratio of Pt:Ru,
morphology, degree of alloying and particle size is highly contested since optimum conditions are

easily influenced by slight variations in preparation methods (Wang et al., 2005).

The wet chemical method is the most common catalyst synthesis method, this method involves the
impregnation of precursors in solution while mixing, followed by chemical reduction using a reducing
agent. The catalyst is then washed, dried, calcined and activated (Liu et al., 2006). The Organo-
Metallic Chemical Vapour Deposition (OMCVD) synthesis method has many advantages over wet
synthesis. Namely, it is a ‘one-step’ process which is less time consuming since it allows lengthy
stages, involved in the wet chemistry method, to be avoided (Thurier & Doppelt, 2008). In addition,
the mixing of catalyst precursors in the OMCVD method occurs in the vapour phase. This allows for
small particle production, excellent film uniformity and an enhanced level of control over metal
loading, since the decomposition occurs at the same time and in a more controlled manner (Zhao et
al., 1989). The CVD process is a promising catalyst synthesis method because small particles are

produced which show excellent electrochemical properties in PEMFC’s (Garcia & Goto, 2003).

The aim of this study was to investigate the characteristics and electrochemical performance for
methanol oxidation of Pt-Ru/C catalysts prepared by OMCVD method and a new method which
involves precursor deposition before vapourisation. The effect of varied precursor deposition
phases, synthesis times (30 minutes - 8 hours deposition time), synthesis temperature (300 - 700 °C)

and Pt:Ru ratios (9:1 — 5:5) was investigated.
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2. LITERATURE REVIEW

2.1. Direct Methanol Fuel Cell Technology
The direct methanol fuel cell (DMFC) produces electrical energy directly from liquid methanol in a

fuel cell to produce water and carbon dioxide.

2.1.1. Fuel Cell Operation

A DMFC consists of two electrodes, the cathode and the anode, which are both in contact with a
proton conducting electrolyte between them. The present day DMFC electrolyte is a polymer
electrolyte ion-exchange membrane (PEM). The electrodes usually consist of 3 layers, the catalyst
layer, the diffusion layer, and backing layer. The most typical catalyst used at the cathode is Pt, and
Pt-Ru alloy at the anode which can be supported by carbon or unsupported catalysts (Liu & Zhang,
2009). The purpose of the catalytic layer is to decrease the activation energy of the half reaction and

conduct protons and electrons while being gas permeable, water regulating and corrosion stable.

Methanol and water are fed into the anode where the oxidation reaction occurs on the catalyst
surface to produce carbon dioxide, protons (H") and electrons (e). The electrons travel up the
current collector; through the external electrical circuit to the cathode and the protons cross the
electrolyte from anode to cathode. At the cathode the electrons and protons react with oxygen to

form water.

The half reactions at the electrodes are as follows:

Anode: CH;0H + H,0 —» 6H* + 6e~ + CO, Equation 1
Cathode: %02 + 6H" + 6e~ - 3H,0 Equation 2
Overall Reaction: CH3;0H + ;02 - 2H,0 + CO, Equation 3

DMFC systems are promising alternative portable power systems for electronic devices such as
laptops, mobile phones, medical devices and auxiliary power units (APU). There are multiple
institutes which have developed DMFCs of varying output power densities such as Motorola Labs
(12-27 mWcm™), Samsung Advanced Institute of Technology (23 mWcm™) and Korea Institute of
Energy Research (121-207 mWcm™) (Liu & Zhang, 2009). In addition to portable applications, DMFCs
could fill a role in transportation systems since they are comparable, and in some ways superior, to

the hydrogen PEM fuel cell mainly due to ease of storage and transport (Liu & Zhang, 2009).
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The DMFC setup is as shown below:
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Figure 2-1: Schematic of DMFC operation.

2.1.2. Thermodynamic Efficiency
One of the drives behind research into DMFCs is due to the high theoretical efficiency of the system
to produce 6 kWh/kgw.on Of electrical energy in a fuel cell. This theoretical energy density is derived

from thermodynamic efficiencies calculated using the half reactions in equations 1 and 2.
The enthalpy of the reaction is calculated by the equation:
AH® = 3v;H; yroqucts — 2Villireactants Equation 4
AH® = —727 k] /mol
The entropy of the reaction is calculated by the equation:
AS® = 2;S; products — EViSireactants Equation 5
AS® = 0.81 kJ/(K.mol)
The Gibbs free energy is thus calculated by enthalpy and entropy values since:
AG® = AH? — TAS® Equation 6

Where T=298.15 K
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AG® = —702 k ] /mol
The electromotive force (emf) is calculated by:

AG° .
emf = = 1.21V Equation 7

Where n =6 e and F is Faradays Constant= 96 485 C.mol™

The thermodynamic efficiency is calculated by:

Nrey = 2—52 = 0.964 Equation 8
The theoretical efficiency of the DMFC is therefore 96.4% at 25 °C, 1 atm and pure O, feed at the
cathode. This efficiency is higher than the hydrogen fuelled PEFC’s theoretical efficiency which is
calculated to be 83%. Current DMFC performance is far from the theoretical efficiency due to
methanol crossover, ruthenium dissolution, ruthenium crossover, and inefficiency of Pt-Ru/C

catalyst at the anode (Zhang, 2008).

2.1.3. Current DMFC Efficiency

The open circuit voltage of a DMFC with a polymer electrolyte is considerably lower than the
thermodynamic potential or reversible potential difference, mainly due to methanol crossover and
ruthenium dissolution. The methanol crossover causes a mixed potential at the cathode and
‘irreversible adsorption of intermediate species at the electrode potentials close to the reversible
potential’ (Liu & Zhang, 2009). The polarization curve of a polymer electrolyte DMFC is shown in

Figure 2-2.

In the presence of methanol, the onset potential of the oxygen reduction reaction (ORR) is below 0.9
V vs. reversible hydrogen electrode (RHE), however in the absence of methanol the reversible

potential is 1.23 V vs. RHE.

The kinetic limitations of the reaction are the methanol oxidation reaction and ORR compete with
each other, with methanol oxidation as preference at the cathode. No current is registered above
0.9 V vs. RHE due to this phenomenon (Liu & Zhang, 2009). In addition, at high currents mass
transport negatively effects cell potential due to CO, removal from the anode and flooding at the
cathode. Flooding at the cathode is primarily due to methanol and water crossover, and partially due

to water formation at the electrode.
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Figure 2-2: Single cell and in situ half-cell electrode polarizations for a DMFC operating at 60 °C,

ambient pressure, 1 M CH;OH at the anode and air feed at the cathode (Zhang, 2008).

The methanol crossover can be calculated from the CO, concentration at the cathode since almost
complete methanol oxidation of the methanol which crossed over will take place at high
electrochemical potentials. From the methanol crossover, the equivalent current lost from this can

be calculated using Faraday’s Law:

Ierossover = MMeoH crossover X 6 X F Equation 9

Where methanol crossover is a rate of methanol permeation per geometric electrode area and time

(Liu & Zhang, 2009).

Since the activity of the Pt-Ru/C catalyst is low, the catalyst loading in a DMFC anode is ten times
that of the anode in hydrogen PEMFC. This increased loading introduces mass and heat transfer
limitations which further decreases the cells’ efficiency. This inefficiency is mainly attributed to the
formation of Ru ions and the subsequent dissolution in solution. The dissolved metal leads to an
activity loss at the anode, and the ability of Ru ions to travel through the membrane and deposit on
the cathode negatively affects the cathode activity (Piela et al., 2004). Ruthenium dissolution is

described in more detail in section 2.3.4.
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2.2. DMFC Anode Catalysts
Platinum based catalysts are the standard catalysts for DMFC operations, this section outlines
mechanisms for methanol oxidation and CO oxidation on Pt while outlining the importance of alloys

in enhancing the activity for both reactions.

2.2.1. Catalysts for Methanol Oxidation Activity

The low activity of the anode electro-catalyst is the major factor limiting the DMFC performance and
the practical development of the fuel cell (Vielstich et al., 2003). The detailed mechanism of
methanol oxidation has been widely studied by a variety of methods and experimental procedures,
finding that electro-oxidation of methanol on pure platinum begins with three steps of
dehydrogenation at low potentials followed by, CO-like species chemisorption, OH or H,O like
species adsorption, an interaction between the CO-like and OH-like species followed by CO,
evolution. The rate determining step is dependent on the reaction temperature and the catalyst

surface structure (Liu & Zhang, 2009).

The mechanism for this reaction on pure platinum is as follows:

CH;0H + Pt > Pt —CH,0H + H* + e~ Equation 10
Pt — CH,0H —» Pt —CHOH + H" + e~ Equation 11
Pt —CHOH - Pt —COH+ H" + e~ Equation 12
Pt—COH > Pt—CO+H"+e” Equation 13

The splitting of water on platinum occurs by the following equation; however this is a slow reaction

and it requires high activation energy:
Pt+ H,0 - Pt —OH+ H* + e~ Equation 14

The CO,q4, acts as a poison on the platinum surface because of the strong adsorption on the surface

and does not readily react to form CO, as shown the in the equation below:
Pt—OH+Pt—CO - 2Pt+C0O,+H* + e~ Equation 15

Due to the strong CO adsorption and slow water splitting reaction on platinum, platinum alloys
supported on carbon black are the current state of the art electro-catalysts for methanol oxidation
(Liu & Zhang, 2009). The electro-catalytic activity of platinum for methanol oxidation and CO
oxidation is known to be improved by second metals such as Ru or Sn (Arico et al., 2001). Ruthenium

alloyed with platinum has a low activation energy for CO oxidation and the water split reaction due
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to the metal interactions. Therefore when ruthenium is alloyed with platinum the activity for

methanol oxidation is higher than pure platinum.

Methanol oxidation on Pt-Ru catalysts is partially understood. The initial dehydrogenation of
methanol in understood to primarily take part on Pt sites as shown in Equation 10, 11, 12 and 13,
however the water split and CO oxidation is suggested to go one of two ways. Some researchers
believe the CO can migrate from the platinum active site to the ruthenium active site, if the
ruthenium is close to the platinum originally suggested by Watanabe & Motoo (1975). Another
theory is if ruthenium is close enough to platinum, this interaction reduces the strong interaction
between CO and platinum and thus the CO will react faster to form CO, (Gasteiger et al., 1994a). The

two theories are shown below:
Ru—OH+Ru—CO - 2Ru+CO,+H" +e~ Equation 16
Ru—OH+Pt—CO—->Pt+Ru +CO,+H" +e” Equation 17

2.2.2. Catalysts for CO Tolerance

CO electro-oxidation on a monometallic Pt surface is a well understood reaction, described by
linearly adsorbed CO and CO oxidation on Pt (100) and Pt (110) surface sites (Dhar et al., 1987). The
rate of CO oxidation at low coverage is high whilst the rate of CO oxidation decreases at high
coverage, indicating the rate of CO oxidation is dependent on coverage and thus involves the use of

adjacent surface (Zhang, 2008).
Pt + CO - Pt — COg444 Equation 18
Pt+ H,0 - Pt —OHuqs+ H* + e~ Equation 19

The understood mechanism on Pt is described below (redrawn from Gilman, 1964):

COgissolvea + Pt = CO H,0 + Pt - H,0
Pt Pt

Adjacent Activated

Complex Complex

——

CO + Hy0 >CO——Hy,0——e~ >CO——0H+e™ +H*
| [ I

Pt Pt Pt Pt Pt Pt
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CO——0H - CO,+ e~ +H" +2Pt

Pt Pt

The adsorption of CO and H,0 in the first step is rate controlled by diffusion to the metal site, thus
this step is rapid for surfaces with less coverage than at equilibrium. The second step is the electron-
transfer step. This step is rate determining provided there is a fixed concentration of reactant pairs.
The last step is the final electron-transfer step, which is fast in relation to step two (Gilman, 1964).
The activation energy for this reaction is significantly reduced with the presence of Ru, which is the

primary reason Pt-Ru alloys are employed for CO tolerance catalysis.

CO adsorbs strongly to the surface of platinum and ruthenium to form a monolayer which can be

removed by the following oxidation reaction (Zhang, 2008):
CO+ H,0 - CO,+ 2H* + 2e~ Equation 20

The cyclic voltammogram in Figure 2-3 is an example of CO oxidation on a pure Pt surface.
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Figure 2-3: CO stripping voltammograms of Pt recorded in 0.1 M HCIO, solution. First scan: dashed
lines; second scan: solid lines (CO adsorbed for 3 min at 0.1 V vs. RHE, v =5 mV.s™, T =293 K) (Vigier et
al., 2004).
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CO oxidation on Pt-Ru/C catalysts is not completely understood, there are two accepted
mechanisms for improved performance of CO oxidation on Pt-Ru surface. These two mechanisms
are named the (1) bifunctional mechanism and (2) the direct mechanism, enabled by the ligand or
electron effect. In order to remove CO,4 from the surface, an oxygenated species is required to

react with CO,q4 to produce CO,, these two mechanisms are described in detail below.

(1) The bifunctional mechanism states the better performance of binary systems could be attributed

to the promotional effect with ruthenium assisting in water activation (Giorgi et al., 2001):
Pt+ CO - Pt — COg4q4s Equation 21
Ru+ H,0 - Ru— OHyys+ HY + e~ Equation 22
Pt —COuqs + Ru—OHgqs > Pt+ Ru+CO,+ H* + e~ Equation 23

The bifunctional mechanism aids in CO oxidation since hydrogen oxidation reaction occurs on free Pt
sites between CO,q, CO, liberation and CO re-adsorption. At low potentials CO re-adsorption rate is
rapid in relation to CO,4 oxidation, thus the hydrogen oxidation reaction is hindered by CO,4 on to
platinum sites. Therefore, a supply of OH species is necessary to increase the rate of CO,4 oxidation
by a metal which does not adsorb CO. The bifunctional mechanism on Pt-Ru involves a ‘Ru-OH type’

species which is not completely understood (Zhang, 2008).

(2) The direct mechanism involves the reduction of the adsorption energy of CO on Pt by a ‘ligand
effect’. The theory describes that when Pt is alloyed with Ru, this results in a downward shift of the
d-bands in the Pt, causing a less strongly adsorbed CO bond on the Pt sites. Since the CO,q4, is not

held as strongly by Pt sites, this allows for a higher rate of CO,4s oxidation (Zhao et al., 2007).

Lu & Masel (2001) conducted an investigation of Ru deposited on Pt (110) using Temperature
Programmed Desorption (TPD) in a UHV in order to determine the CO tolerance mechanism. Their
findings were that Ru substantially affected the adsorption properties of Pt (110) surface since the
binding energy of CO decreases. The exchange of 0 into H,™0 is improved by a reduction in the
activation barrier. In conclusion, the investigation yielded a total of approximately 200 mV reduction
in CO activation barrier is achieved, with roughly 40 mV (20%) associated to the ligand effect and

160 mV (80%) reduction due to the bifunctional mechanism.

10
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2.3. Pt-Ru/C Catalysts

As mentioned above, Pt-Ru/C catalysts are most commonly used in the anode of the DMFC due to

the CO tolerance of ruthenium and activity for the water split reaction.

2.3.1. Pt-Ru Bimetallic Alloy Structure

Structural modifications due to metal interactions are caused in a Pt particle once Ru has been
alloyed with the Pt. Vogel et al. (1997) studied the changes in particle structure and surface
structure due to Pt-Ru alloying via in-situ XRD, Debye function analysis (DFA), X-ray absorption near
edge structure (XANES) and extended X-ray adsorption fine structure (EXAFS). The best fit simulation
was found to be half face-centered cubic (fcc) orientation and the other half multiply twinned

decahedral particles.

Another study (Radmilovi¢ et al., 1995) identified well-resolved (200) and (111) crystallographic
planes with occasional (113) facets and twinned particles which resemble a cubo-octahedral shape
in real space. High resolution transmission electron microscopy (HRTEM) micrographs clearly show
the presence of these surfaces, as demonstrated in Figure 2-4 showing (111) and (200) crystal

surfaces.

Figure 2-4: HRTEM micrograph of a Pt-Ru particle on the edge of the carbon support: (a) unfiltered

image of asymmetric cubo-octahedral particle (b) Fourier filtered image (Radmilovi¢ et al., 1995).

11
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2.3.2. Pt-Ru/C Catalyst in DMFC
2.3.2.1. Temperature effect on Methanol Oxidation

Arico et al. (2003) investigated the methanol oxidation behaviour of three Pt-Ru catalysts with

varying metal concentrations on a carbon support with a temperature range of 80 - 130 °C.

0.25

0.2

-2

o
—
o,

o
-

o
o
o

Current density /A cm
o

-0.05

0.1 ; ; - 4
0.1 0.2 0.3 04 05 0.6 0.7 08
Potential /V vs. RHE

Figure 2-5: In situ CO stripping voltammetry on 85 wt% Pt-Ru/C catalyst at various temperatures
under the DMFC configuration. Anode: 2% CO in Ar, 1 atm, adsorbed for 30 min. Cathode: H, feed, 1
atm (Arico et al., 2003).

As the temperature increases, the activation barrier for methanol oxidation is decreased and the
peak potential is shifted towards the left. Although the activation barrier is decreased, as
temperature increases above 90 °C there is a dramatic decrease in coverage of adsorbed methanolic
species. However as temperature increases the physio-chemical properties of the alloy have much
less influence on the methanol oxidation behaviour since the high temperatures reduce CO

poisoning on the surface of the metals.

On the contrary, Gasteiger et al. (1994b) investigated the temperature dependence of methanol
electro-oxidation on Pt-Ru alloys and concluded that the optimum Ru content increased with
increasing temperature. In addition, the investigation showed as temperature increased the electro-
oxidation of methanol increased significantly on Pt, Ru and Pt-Ru catalysts as demonstrated by

potentiostatic oxidation graphs shown in Figure 2-6.

12
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Figure 2-6: Potentiostatic oxidation of 0.5 M CH;0OH in 0.5 M H,SO, at 25, 41, and 60 °C on sputter-
cleaned Pt-Ru alloy electrodes with a Ru surface composition of 33 a/o. Potential was stepped from

0.075 to 0.4 V vs. RHE (Gasteiger et al., 1994b).

2.3.2.2. Pt:Ru composition effect on Methanol Oxidation

The subject of the optimal Pt:Ru ratio for methanol oxidation remains unclear due to many factors
influencing the optimum and contradicting results from studies. There are multiple factors effecting
the optimum composition of Pt-Ru/C in a DMFC such as co-catalytic effect, preparation method,
surface morphology (e.g. roughness), presence of Ru oxides, presence and type of support,
operating anode potential range, methanol concentration, and temperature (Zhang, 2008). Due to
the multiple factors, many experiments geared at determining optimum composition of Pt-Ru

catalysts for methanol electro-oxidation yield contradicting results.

Arico et al. (2009) stated: ‘The optimum Ru surface composition is preferable to the relevant
synergism accomplished by a Pt-Ru surface with 50% atomic Ru in maximizing the product of OH
coverage and intrinsic rate constant, assuming the surface reaction between CO,y and OH,g4, as rate

determining step’.

Gasteiger et al. (1994b) described that at low temperatures, methanol oxidation occurs more readily
on Pt-Ru alloys with Ru content of = 10 atm%. As temperature is increased to moderate

temperatures (around 60 °C) the ratio of Ru = 33 atm% is preferred. At intermediate and high

13
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temperatures, the rate determining step is the removal of OH from the catalyst surface. Since this

occurs more readily on the Ru surface, a higher ratio of Ru is optimum for higher temperatures.

Figure 2-7: Cyclic voltammograms of methanol electro-oxidation on different Pt-Ru/CNT catalysts at

60 °C (Li & Xing, 2009).

Li & Xing (2009) found the optimum Pt:Ru ratio on carbon nano-tubes (CNT) for methanol oxidation
with 2.0 M CH3;0H at 60 °C to be 50:50 atm%, shown in Figure 2-7 whilst Lizcano-Valbuena et al.
(2002) suggested the optimum Pt:Ru ratio for methanol oxidation with 2.0 M CH;OH at 25°C to be
75:25 atm%, shown in Figure 2-8.

E.DT Y T T T T T ' 1 o T ¥ L]
" 0.5mol L” H,80, +2 mol L” CH,OH

0.06

0.05F —o—PUC E-TEK
o [ —O— Pt9ZRuB/C FAM
E | —O— Pt84Ru16/C FAM
< 003 —&— PtTSRu2S5/C FAM
iy —w— Pt50Ru50/C E-TEK

01 02 03 04 05 06 07 08
E/Vvs. RHE

Figure 2-8: Current densities of the 20th min of chronoamperometric studies at several potentials

in 2 M methanol solution in 0.5 M H,SO, (Lizcano-Valbuena et al., 2002).
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Figures 2-7 and 2-8 demonstrate the temperature dependency of the optimum Pt-Ru ratio.
However, there are many conflicting studies, such as Coutanceau et al. (2004) which concluded the

optimal Pt:Ru ratio for temperature ranges of 50-110 °C with 1 M CH;0H to be 80:20 atm%.

In addition to temperature dependence, the optimum Pt:Ru ratio is dependent on methanol

concentration as demonstrated in Figure 2-9.
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Figure 2-9: Current densities at the 30™ minute of chronoamperometric studies at 0.5 V vs. RHE in
different methanol concentrations in 0.5 M H,SO, for all catalysts, corrected for cathodic current

densities at the same potential in the absence of methanol (Lizcano-Valbuena et al., 2002).

It is still widely debated if Pt-Ru alloys or Pt nanoparticles decorated with Ru nanoparticles show
higher activity for methanol oxidation. Waszczuk et al. (2001) prepared Pt decorated with Ru
nanoparticles using spontaneous deposition and compared it to Johnson Matthey commercial Pt-Ru
alloy of the same elemental composition. The result showed double the oxidation current density for
methanol oxidation compared to the homogeneous alloy. A separate study by Chrzanowski &
Wieckowski (1998) prepared single crystals of Pt(111), Pt(100), Pt(110) and polycrystalline Pt
decorated with Ru by electro-deposition which showed better activity, especially for Pt(111)/Ru with
one order of magnitude higher than commercial Pt-Ru for methanol oxidation. To the contrary,
Iwasita et al. (2000) investigated activities of different types of Pt-Ru catalysts for methanol
oxidation, including ultra-high vacuum (UHV) cleaned Pt-Ru alloys, UHV evaporated Ru onto Pt (111),
and adsorbed Ru on Pt (111). The results in Figure 2-10, show the Pt-Ru alloy prepared by UHV

cleaning gives four times higher oxidation current density than the Pt(111)/Ruaq.
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Figure 2-10: Chronoamperometry of different Pt-Ru electrodes at 0.5 V vs. RHE in 0.5 M CH;0H and
0.1 M HCIO,. a) Pt-Ru alloy prepared by H, reduction, b) Pt(111)/Ru,q prepared by spontaneous
adsorption, c) Pt(111)/Ru prepared by evaporation, d) Pt(111) (lwasita et al., 2000).

In addition, Bock et al. (2005) prepared Pt-Ru alloys and Ru adlayer/Pt catalysts and found
significantly lower methanol oxidation activity for Ru adlayers on Pt and interestingly concluded that
catalysts containing RuO, had pointedly higher methanol oxidation activity than other catalysts. It
should be noted that preparation methods in this investigation include high temperature treatment,

emphasising the importance of method preparation in catalyst performance.

One focus of Bock et al. (2005) was the role of RuO, in methanol oxidation performance. Other
investigations involving Ru oxides and oxo-hydroxide (RuO,H,) have been conducted describing the
essentiality of these Ru compounds in improved methanol oxidation activity (Long et al., 2000)
(Rolison et al., 1999) (Frelink et al., 1995a, 1995b & 1996). Long et al. (2000) investigated methanol
oxidation on Pt-Ru, Pt-RuO, and Pt-RuOH, attributed the enhanced activity of Pt-RuO,H, to its
electron and proton conducting capabilities. The conducting properties of Pt-RuO,H, are key in
performance for methanol oxidation as they promote the formation of Ru-OH which, by the
bifunctional mechanism, aids in CO tolerance on Pt surfaces, and since Ru metal and anhydrous RuO,
do not have these capabilities, they are not as active for methanol electro-oxidation (Rolison et al.,

1999). Frelink et al. have conducted ellipsometry studies of methanol oxidation on Pt-Ru and more
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specifically Pt on Ru oxides (1995a), (1995b), and (1996), the studies suggested a disappearance of

the Ru oxide film in methanol resulting in the following reaction proposal:
RuO + Pt —CO —» CO, + Pt + Ru Equation 24

Furthermore, Frelink et al. (1996) investigated oxide formation on Pt-Ru via Energy-dispersive X-ray

spectroscopy (EDS) analysis resulting in one type of oxide: (PtRu)O,(HSO,) with x= 2 andy = 4.

Lasch et al. (2003) investigated the role of Ru oxides on methanol oxidation at low temperatures.
Results yielded that RuO, content increased with temperature, transforming from hydrous Ru oxides
to all of the Ru presenting as RuO, at temperatures above 773 K. It was concluded that, in order to

have a high activity for methanol oxidation, alloyed Pt-Ru and hydrous Ru oxides are favourable.

The optimum weight % metal loading on a carbon support between 10 and 90 wt% at different
temperatures was investigated by Neergat et al. (2002), which showed across 25 to 65 °C the
optimum weight % metal loading to be 60 wt% in 1 M H,SO, and 1 M CH;OH with Pt-Ru (1:1) ratio.
This result was reiterated by Liu & Zhang (2009) which investigated 45, 50, 55, 65, 70 and 75 wt% in
a solution of 0.5 M H,SO,4 and 1 M CHsOH to find 65 wt% shows the highest surface specific activity

for methanol oxidation, while 60 wt% showed the best MEA performance.

Morphology has further implications on the optimum composition, however this is more difficult to
determine and quantify. The alloying effect allows the methanol oxidation rate to be faster since Ru
can be incorporated into the Pt structure, allowing the interaction between metals and therefore
improve performance by the bifunctional mechanism and/or the direct mechanism. The
discrepancies in optimum composition between experiments conducted under the same conditions
can probably be attributed to different preparation methods resulting in varying morphologies or
surface structure. Hoster et al. (2001) established that rough Pt-Ru surfaces, surfaces with many
defects such as steps and kinks, and surfaces formed by electro-deposition are more resistant to
poisoning than smooth Pt-Ru surfaces of the same composition. It was also determined that well
defined Pt (111) peaks in XRD can translate to higher methanol activity since Pt (111) has been
identified as an active surface for methanol oxidation. In addition, a high ratio of Pt (111) surfaces

has found to be produced by the formic acid reduction technique (Lizcano-Valbuena et al., 2002).

2.3.3. CO tolerance of Pt-Ru

Ralph & Hogarth (2002) investigated the influence of alloyed and unalloyed PtsgRus, on CO
tolerance. The catalysts compared were 20 wt% Pt/Vulcan XC72R, 20 wt% Pt and 10 wt% Ru/ Vulcan
XC72R and 10 wt% Ru deposited on 20 wt% Pt/Vulcan XC72R. The peak potential for CO oxidation on
Pt/C occurred at 0.58 V vs. RHE, 0.44 V vs. RHE for unalloyed Pts;Ruso and the lowest peak potential
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on alloyed PtsoRusy at 0.37 V vs. RHE. This evidence suggests the necessity of alloyed Pt-Ru in CO
electro-oxidation as the incorporation of Ru into the Pt lattice improves CO tolerance and reduces

the lattice spacing (Zhang, 2008).

The Pt:Ru composition studies have shown varying results for optimum ratios of Pt to Ru. This is
most probably resulting from the synthesis process as the Ru incorporated into the Pt lattice is

essential to increase CO tolerance (Zhang, 2008).

The influence of Pt;,Ru, composition was studied by Stevens et al. (2007) preparing different ratios
of alloyed catalysts via magnetic sputtering. The alloyed catalysts were deposited through shadow
masks onto 3M nanostructured thin-film catalyst support for testing in a PEMFC with reformate
containing 50 ppm CO. It was suggested that Ru ranges of 0.2 < x < 0.9 were more CO tolerant than
Pt alone. In addition, researchers such as Gasteiger et al. (1995), Giorgi et al. (2001) and Lin et al.

(1999) described the optimum ratio of Pt:Ru for CO tolerance to be 1:1.

Gavrilov et al. (2007) investigated different weight % metal loadings on carbon support for CO
oxidation at 25 °C and 50 °C and demonstrated that 60 wt% metal loading is the optimum metal
loading for both temperatures in 0.5 M H,SO, solution. This is an interesting conclusion since the

optimum wt% metal loading for methanol oxidation was likewise suggested to be 60 wt% metal.

It is well known that Ru in Pt-Ru/C catalysts often exists as ruthenium oxide or hydrous ruthenium
oxide. Researchers seem to support the premise that ruthenium oxides enhance CO oxidation as
shown by Over & Mubhler (2003) and Kim et al. (2000) via UHV conditions shows the transformation
of Ru(0001) to an epitaxially grown RuO,(1 10) film with a onefold under coordination during
operation. This translates into CO molecules strongly adsorbed onto the oxide surface, which is
shown by density function theory (DFT) calculations and experiments to be the most important

elementary step.

2.3.4. Stability of Pt-Ru/C in DMFC

Catalyst crystallinity, particle surface composition and the oxidation state of the metals are
susceptible to change during fuel cell operation (Zhang, 2008). Pt-Ru bimetallic electro-catalysts are
known to undergo preferential leaching of Ru, especially when methanol is present in solution. This
undesired reaction changes the composition of the catalyst and in turn affects the activity (Gancs et
al.,, 2006). In addition, Piela et al. (2004) concluded that Ru leaching occurs via the formation of
thermodynamically unstable Ru oxide species. However, Ru in an alloyed Pt-Ru matrix is less prone
to leaching, and good stability was found in catalysts with a high Ru content in Pt-Ru (Liu & Zhang,
2009).
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Compton (1987) proposed a mechanism for the formation of RuO, gas, shown in Figure 2-12. This
shows the Ru catalyst is sensitive to dissolution at high potentials causing the catalyst to platinize
(Vielstich et al., 2009). Ru is thermodynamically stable at potentials below 0.4 V, however
experimentally a slow loss of Ru is seen at potentials lower than 0.4 V (Inaba, 2009). An example of
Ru instability was shown by Inaba (2009) in Figure 2-11 for CV with potential limits of 0.05 and 0.6 V
vs. RHE and CO stripping with potential limits of 0.05 and 0.8 V vs. RHE.

Figure 2-11: CVs and CO stripping voltammograms of commercially available Pt-Ru (1:1)/C and Pt-Ru
(1:2)/C during potential cycling in the range of 0.05-0.6 V at 0.5 V/s in 0.5 M H,S0, at 25 °C under Ar
atmosphere (Adapted from Inaba, 2009).

Piela et al. (2004) investigated the role of Ru leaching in an operating DMFC using electrochemical
testing in combination with X-ray fluorescence. The findings showed the impact of Ru dissolution in a
DMFC is Ru crossing over the proton conducting Nafion membrane from the anode to the cathode.
Once at the cathode, the Ru redeposits at the electrode resulting in the decline of oxygen reduction
reaction rate. This phenomenon can occur at cell potentials as low as 0.4 mV. The oxygen reduction

on Pt surfaces occurs at a minimum activity level after a Ru coverage ‘threshold’ on Pt is reached.
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This lower limit of ORR activity at concentrations above the threshold is attributed to Ru adatoms’

ability to reduce molecular oxygen at high overpotentials (Zhang, 2008) (Stamenkovic et al., 2005).
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Figure 2-12: Model for oxygen evolution and corrosion reactions on Ru and RuO, electrodes

(Compton, 1987).

Rotating disc electrode experiments conducted by Gancs et al. (2007) revealed that oxygen

reduction at the cathode suffers a loss of 0.16 mV due to Ru contamination at the Pt cathode.

A review by Liu & Zhang (2009) showed the influence of catalyst support on Ru leaching from Pt-Ru
in sulphuric acid with and without methanol. The investigation concluded that Cabot Pt-Ru/KB had

far less Ru leaching than commercial Pt-Ru/C and Pt-Ru Black catalysts as shown in Table 2-1:

Table 2-1: Ru loss due to leaching of commercial Pt-Ru catalysts on varying supports (Liu & Zhang,

2009).
Commercial Catalyst 1M H,SO, 1MH,SO, + IMCH;OH 1M H,SO, +3M CH;0H
Cabot 60 wt% Pt-Ru/KB 0.2 3.80 2.90
Commercial 60 wt% Pt-Ru/C 0.1 12.0 13.6
Commercial 60 wt% Pt-Ru Black 0.1 10.7 12.3

In addition to leaching of Ru, Pt-Ru catalysts are susceptible to particle growth during operation in a
DMFC, causing a decrease in surface area and thus a decrease in anode activity. Jeon et al. (2006)
researched the current density dependence on performance degradation of DMFCs. The stability
tests were conducted over 145 hours at each of the current densities of 100, 150, and 200 mA.cm™.
The maximum power densities were 93.9, 79.9 and 55.1% of the initial value, and the particle size

change from 3.3 nm to 3.4, 3.9, and 4.2 nm after operation for 100, 150, and 200 mA.cm™
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respectively. The dissolution of Ru was seen to change the ratio of Pt:Ru from 53:47 to 54:46, 56:44
and 73:27 for MEAs after operation at 100, 150, and 200 mA.cm™ respectively. A similar
investigation by Wang et al. (2008) in single cells at a current density of 100 mA.cm with operating
hours of 117, 210, and 312 was conducted. It was seen by XRD that particle size increased from the

original value of 2.8 to 3.0, 3.2, and 3.3 nm respectively.

It is evident that more stable Pt-Ru alloys are needed in a DMFC in order to reduce the loss of
activity at the anode and at the cathode. Operating conditions and mechanisms of change to electro-
catalysts during fuel cell operation was investigated by Knights et al.,, 2004 which concluded that
advanced electro-catalyst designs and enhanced water retention at the anode can reduce

degradation of Pt-Ru due to dissolution of metals.

2.4. Catalyst Synthesis Methods
Pt-Ru/C is the most common catalyst for the anode of the DMFC. Several methods have been
adopted to prepare catalyst materials for fuel cells, each with their own advantages and

disadvantages, the most relevant methods to this study are summarised below.

2.4.1. Wet Synthesis Methods

The impregnation method is the most commonly used synthesis method due to its simple and
straightforward technique for Pt-Ru catalyst preparation. The first step in wet chemical synthesis is
an impregnation step which involves mixing the precursors with the carbon support in an aqueous
solution to form a homogeneous mixture. The chemical reduction of the precursors follows the
impregnation. The chemical reduction is carried out by liquid phase reducing agents such as NaBH,,
formic acid or gas phase reduction using hydrogen at high temperatures (Liu et al., 2006). This
method is temperature dependent since this will affect the dispersivity, morphology and particle size

which will, in turn, affect the activity of the catalyst.

2.4.2. Organo-Metallic Chemical Deposition

Organo-Metallic precursors can deposit on a substrate via two pathways, vapour deposition or liquid

deposition.
2.4.2.1. Deposition from the Vapour Phase

Organo-Metallic Chemical Vapour Deposition (OMCVD), also known as Metal-Organic Chemical
Vapour Deposition (MOCVD), is the formation of a thin solid film on a substrate material by a
chemical reaction of vapour-phase metal-organic precursors (Jones & Hitchman, 2009). The OMCVD

method of metal deposition on a substrate is executed in several different ways, including the
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injection of the vapourised precursor with an inert gas into the reactor and a liquid delivery system
of precursor and solvent sprayed onto the substrate. Another method involved the precursors’
decomposition in the vapour phase in the reactor with an inert gas allowing for the metal to deposit

on the surface of a substrate (Thurier & Doppelt, 2008).

A schematic of the OMCVD process is shown in Figure 2-13 and a detailed description of the process

is as follows (Jones & Hitchman, 2009):

1) Evaporation and transport of precursors in the bulk gas flow region into the reactor.

2) Gas phase reactions of precursors in the reaction zone to produce reactive intermediates
and gaseous by-products.

3) Mass transport of reactants to the substrate surface.

4) Adsorption of the reactants on the substrate surface.

5) Surface diffusion to growth sites, nucleation and surface chemical reactions leading to film
formation.

6) Desorption and mass transport of remaining fragments of the decomposition away from the

reaction zone.

OMCVD has many advantages over wet chemical methods since it is a ‘one stage’ process and
avoids synthesis steps such as impregnation, washing, drying, calcination and activation. In
addition, the surface is protected from poisoning and material transformations during the drying
stage. The OMCVD method is therefore considered fast and economic because it eliminates time

consuming stages when compared to wet chemistry methods (Thurier & Doppelt, 2008).

Figure 2-13: Schematic of Pt precursor in the OMCVD process (Thurier & Doppelt, 2008).
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The CVD process is a promising catalyst synthesis method because small particles are produced

which show excellent electrochemical properties in PEMFCs (Garcia & Goto, 2003).

An Overview of Chemical Vapour Deposition by Jones & Hitchman (2009) lists important precursor

requirements as follows:

1) Adequate volatility to achieve acceptable growth rates at moderate evaporation
temperatures.
2) Stability so that decomposition does not occur during evaporation.

3) A sufficiently large temperature “window’’ between evaporation and decomposition for film

deposition.
4) High chemical purity.
5) Clean decomposition without the incorporation of residual impurities.
6) Good compatibility with co-precursors during the growth of complex materials.
7) Long shelf-life with indefinite stability under ambient conditions, i.e. unaffected by air or

moisture.
8) Readily manufactured in high yield at low cost.

9) Non-hazardous or with a low hazard risk.

Suitable volatility is the main requirement for liquid and solid precursors and volatility needs to be
enhanced by a reduction in intermolecular forces which lead to the formation of a dimer, oligomer
or polymer. Thermal stability is important for long term storage at room temperature and the
precursor should decompose at the evaporation temperature needed to achieve adequate gas
phase transport as well as rapid decomposition at intended process conditions, and no

decomposition prior to reaching conditions. (Jones & Hitchman, 2009).

Metal carbonyls and metal carbonyl derivatives are suitable for CVD due to high volatility, the zero-
valent state of the metal centre and stability of the CO ligand after the dissociation from the metal.
However, these compounds are highly toxic and have a high sensitivity to air, light and moisture

(Bahlawane et al., 2011).
2.4.2.2, Platinum (ll) Acetylacetonate and Ruthenium (lll) Acetylacetonate

Platinum (II) Acetylacetonate (Pt(acac),) is part of the B-diketonate family complexes. It has many
advantages including: stability in air and water, as well as being relatively inexpensive (Thurier &
Doppelt, 2008). In a vacuum, this precursor has a fairly low vapourisation temperature of 180 °C
(Thurier & Doppelt, 2008) and a decomposition temperature of 210-240 °C (Battiston et al., 2005).

At atmospheric pressure, the precursor melting point is 250 °C and decomposes at around 265 °C
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(Yoda et al., 2004). A B-diketonate is a compound of the form M(CH3;COCHCOCH;),, where M is the

metal. The molecular structure of Pt(acac), is given below:

H,C CHj

Figure 2-14: Molecular Structure of Platinum (Il) Acetylacetonate.

The Pt-O,. is the ligand which decomposes in order to deposit Pt metal on the substrate. The bond
strength is 180 kJ/mol. Metal de-coordination does not take place, therefore a high metal purity is

likely formed (Thurier & Doppelt, 2008).

Similarly, ruthenium (lll) acetylacetonate (Ru(acac);) is part of the B-diketonate family complex.
Ru(acac); is a stable precursor (Igumenov et al.,, 2007) with a vapourisation temperature of 160 °C
(Morozova et al., 2009) followed by decomposition at 220 °C in a vacuum (Green et al., 1985). Under
atmospheric conditions, Ru(acac); has a melting point at 240 °C and decomposes at 285 °C

(lgumenov et al., 2007).

H5;C CH,;

H3C O\Ru/o CH3

CHj CHj

Figure 2-15: The Molecular Structure of Ruthenium (lll) Acetylacetonate.
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2.5. Catalyst Supports

Catalyst supports allow for fine dispersion and stability of small metal particles. The support provides
access to a larger number of catalytically active sites and the support assists in reducing the surface
energy of the metal to avoid agglomeration of particles (Auer et al., 1998). A brief overview of

typical supports for fuel cell catalysts is given below.

2.5.1. Carbon Black
Carbon blacks are produced by pyrolysis of a carbon source. Carbons are often used as support
material due to their large surface areas, light weight, being suitable for decomposition of very

active catalysts and relative stability in acidic and basic media (Zhang, 2008).

Vulcan XC-72R is the most commonly used carbon black support material for PEMFC and DMFC
applications (Liu et al., 2006). Vulcan XC-72R is an extra conductive furnace black produced by Cabot
and has been a standard in the plastic and fuel cell industry for many years (Vielstich et al., 2003).
Vulcan XC-72 has a surface area of ~250 m” g™* and has good chemical and physical cleanliness and
good process ability, as well as low sulphur content and ionic contamination (Cabot Corporation,

2013).

2.5.2. Advanced Carbon Supports
Advanced Carbon Supports (ACS) is carbon supports which are structured in the nano-scale.

Examples of ACS include nanotubes, nanowires and nanofibers.

Carbon nanotubes (CNT) have been investigated as supports for Pt-Ru alloy catalysts since the
definitive graphitic surface structures and crystallinity enhances the catalyst activity (Li & Xing, 2009)

due to excellent conduction (Wang et al., 2007).

The structure of CNT allows for a high surface area and a large number of mesopores which results
in a high metal dispersion. The main disadvantages of these supports is their tendency to clump
together during manufacturing, difficulty in controlling their diameter and the high manufacturing

cost, resulting in them being unsuitable for commercial production at this stage (Kotov, 2006).

2.5.3. Non-Carbon Supports
Carbon corrosion is one of the drawbacks of carbon as a catalyst support, therefore efforts have

been made to investigate inorganic materials as catalyst supports.

Non-carbon supports such as metal-oxides (TiO, and WO3) have been investigated as alternative
support materials for Pt with promising results. In a study by Rajalakshmi et al. (2008), TiO, allowed

for thermal and oxidation stability with respect to corrosion, and prevented agglomeration when
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compared to carbon supports. However, the binding energy of Pt on oxide supports is significantly
lower than that of Pt/C, meaning the oxide support catalysts are less thermodynamically stable

(Sharma & Pollet, 2012).
2.6. Electrochemical Characterisation Techniques

2.6.1. Cyclic Voltammetry
Cyclic Voltammetry (CV) is a potentiodynamic electrochemical measurement which is often used to
characterise the mechanism of electrode reactions, their kinetics and could be used to determine

the electrochemically active surface area of a catalyst (Liu & Zhang, 2009).

In CV the potential of the working electrode is swept from a low potential limit to the upper
potential limit and back again while the current response is measured (Liu & Zhang, 2009). The graph
of current versus potential is called a cyclic voltammogram. Oxidation occurs on the forward sweep
and produces a positive (anodic) current, while reduction occurs on the reverse sweep resulting in a
negative (cathodic) current. Redox reactions occur at varying peak potentials depending on the
activation energy required for the reaction to occur. Half-cell reactions with low activation energies
occur at lower potentials, whereas high reaction energies occur at higher potentials. Thus a cyclic
voltammogram is useful in identifying the potentials at which electrochemical reactions occur. The
typical cyclic voltammogram of a polycrystalline Pt electrode is shown in Figure 2-16 in an acidic

environment.

The region between 0.05 V and 0.4 V vs. RHE is known as the reversible hydrogen adsorption and
desorption regions, which is attributed to the underpotential deposition (Hypp) of a hydrogen
monolayer in the negative-going sweep and the release of protons (H') in the positive-going sweep
(Climent & Feliu, 2011). The reaction equation for the hydrogen electro-desorption reaction is as

follows (Zhang, 2008):
Pt—Hg,;, » Pt+ H" + e~ Equation 25

The hydrogen electro-adsorption reaction on the reverse sweep is as follows (Zhang, 2008):
Pt+ H* + e~ - Pt — Hyys Equation 26

Individual peaks in the Hypp positive sweep region labelled as Hw and Hs occur due to the energy
associated with the desorption. Strongly adsorbed hydrogen will desorb at higher potentials (H,),

whereas weakly adsorbed hydrogen will desorb at lower potentials (Hy,). Further studies have
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reported H, and H, correspond to hydrogen electro-desorption from different surfaces of the

platinum crystal (Zhang, 2008).

Hw Pt —Hgys > Pt+ H 4+ e~

100
75 /

50 -

oupd

25 | Hupd

Potential V, EH

06 07 08 08 1.0 11

CURRENT ( zA cm2)

50 =

T //\\J
AN

-125 |-

a0 | PTF H* + e~ - Pt — Hyys

Figure 2-16: Typical Cyclic voltammogram of a polycrystalline Pt electrode in 0.5 M H,SO,, sweep

rate 50 mV/s (Adapted from Climent & Feliu, 2011).

Kinoshita (1990) proposed a cubo-octahedral platinum particle model for ideal platinum
nanoparticles. The cubo-octahedral model consists of Pt atoms comprising of eight (111) and six

(100) crystal faces connected by edge and corner atoms.

Figure 2-17: Model cubo-octahedral structure illustrating (111), (100) and (010) crystal faces and

edge and corner atoms (Barnard, 2013).
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Single crystal studies performed by Will (1965) investigated the hydrogen adsorption on the three
main platinum faces (100), (111) and (110). The Pt surfaces “interact at different energies with the
hydrogen atoms due to the different type and overlapping between the electronic local density of a
site and the adsorbed hydrogen” (Climent & Feliu, 2011). Will (1965) observed that strongly
adsorbed hydrogen was related to Pt (100) and Pt (110) orientation and weakly adsorbed hydrogen
peak was mainly related to Pt (111) orientation. Thus, the hydrogen desorption peak associated with
Pt(111) surface occurs at a potential = 0.12 V vs. RHE, the Pt(110) surface occurs at a potential
around 0.22 V vs. RHE and the Pt(100) surface at a higher potential of around 0.27 V vs. RHE (Zhang,
2008).

The featureless region with a small observed current between 0.4 and 0.8 V vs. RHE is attributed to
double layer charging (DL) (Climent & Feliu, 2011). This is caused by the interaction between two
phases at the interface, particularly the interface between an electrode and electrolyte solution. At
this interface there exists a segregation of positive and negative charges by preferential adsorption
of either positive or negative ions at the interface. Thus, a charge distribution is formed (Pletcher et
al., 2001). If peaks were to be observed in the region could be attributed to impurities such as heavy

metal deposition (Climent & Feliu, 2011).

CV can also be used to determine the Electrochemically Active Surface Area (ECSA) by integrating the
area under the adsorption (H,g) or desorption regions, subtracting the DL of the cyclic
voltammogram, can determine the total adsorbed or desorbed hydrogen charge on the platinum
sites. The hydrogen adsorption charges associated with different Pt crystal surfaces were statistically
combined to form an estimated hydrogen adsorption charge for a smooth polycrystalline platinum
surface. This estimated charge has been found to be 210 pC/cm?.. Normalising the Hupa by the
hydrogen adsorption charge allows for the number of sites which took part in the reaction to be
determined. Therefore, the ECSA can be calculated using the following equation:

ECSA = Qtupa Equation 27
LptQf

Where Quq= integrated area under the hydrogen adsorption/desorption peak after subtraction of

the double layer.
Lp; = platinum loading on the electrode

Qs = 210 uC/cm’s,
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The region above 0.8 V vs. RHE on the cyclic voltammogram is related to oxygen adsorption and
desorption on the platinum surfaces, known as O,,q (Climent & Feliu, 2011). The reactions associated

with the region are shown below:

Pt+H—0—-H->Pt—0—-H+H"+e~ Equation 28
Pt—O0O-H+H—-0-H->Pt—(0—H),+H'+e" Equation 29
Pt—(0—-H), >Pt—0+H—-0—-H Equation 30

Reverse Oypq:
Pt—0+2H"+2e" >Pt+H—-0—-H Equation 31

However, it has since been shown that Oypp does not occur at potentials less than 1.229 V vs RHE
and the region between 0.9 — 1.2 V vs RHE is rather the formation of platinum oxides on the surface

(Xing et al., 2014).

Pt-Ru catalysts do not have a defined hydrogen adsorption-desorption region, due to a broad
electric double layer region (Spinacé et al., 2007), due to charging phenomenon. A pseudo-
capacitance is a phenomenon associated with electrosorption and surface reactions at high-area
electrode materials, the material ‘stores charge indirectly through faradaic chemical processes but

its electrical behaviour is like that of a capacitor’ (Conway & Pell, 2003).

Since Ru favours oxygen species, an adlayer of water or dissociated water is present at the surface of
the metal causing a pseudo-capacitance of Ru alloyed metals which is higher than Pt/C. As the
particle size decreases resulting in an increase in surface area, this electric double layer capacitance
enlarges (Han et al., 2006). This pseudo-capacitance layer is larger for catalysts containing ruthenium
oxide since this allows for more oxidation and reduction reactions to take place across the potentials

(Sato et al., 2000).

The typical cyclic voltammogram for a Pt-Ru/C catalyst is shown in Figure 2-18.
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Figure 2-18: Typical cyclic voltammogram of Pt-Ru/C electro-catalyst in 0.5 M H,SO, with a sweep rate

of 10 mV s~* (Adapted from Ribeiro et al., 2010).

2.6.2. CO Stripping Voltammetry

CO stripping voltammetry is a potentiodynamic electrochemical measurement similar to that of CV.
However, in CO stripping, a monolayer of CO is adsorbed on the surface, oxidised and subsequently
desorbed. CO stripping voltammetry is a method used to determine the ECSA of a catalyst surface by
measuring the peak area of the CO oxidation peak (Zhang, 2008). On a Pt surface this oxidation peak
occurs between 0.76 and 0.95 V vs. RHE (Maillard et al., 2005). On a Pt-Ru alloy surface the CO

oxidation peak occurs at potentials 0.17 - 0.2 V lower (Zhang, 2008).

CO adsorbs strongly to the surface of Pt and Ru to form a monolayer which can be removed by the

following oxidation reaction (Zhang, 2008):
CO+ H,0 > CO,+ 2H* + 2e~ Equation 32

The first peak represents the CO,q4 electro-oxidation, and the peak charge is due to the reaction
above (Zhang, 2008). The ECSA determined is typically 1.4 times that of the ECSA calculated from the
Hupa method. This is thought to be due to the contribution of the capacitance of the carbon support
material for high surface area catalysts. Therefore, the carbon support contribution is subtracted
from the layer charge, yielding similar results to that of the one obtained from H,,, (Mayrhofer et al.,

2008).
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An example of CO stripping voltammograms is shown in Figure 2-19.

Figure 2-19: The CO stripping voltammograms of ECSA measurement for MWCNT-PDOP-PtNPs in 0.5
M H,SO, at a sweep rate of 10 mV st (Lin et al., 2013).

In addition to the determination of ECSA, CO stripping can also be used to determine the
morphology of particles as shown by Fabbri et al. (2014). It was shown that a morphology fingerprint

of the surface can be produced to distinguish between isolated nanoparticles and extended surfaces.

2.6.3. Methanol Oxidation
The methanol oxidation mechanism as outlined in Equations 10-15 and 18-19, show the reactions
are all oxidation reactions. This accounts for the oxidation curves on the forward sweep and reverse

sweep shown in Figure 2-20.

Methanol chemisorption on Ru sites is a less favourable process than chemisorption on Pt sites,
since methanol dehydrogenation occurs at potential values between 0.2 and 0.25 V vs. RHE on
platinum sites. In addition, water discharge to form ‘OH-like’ species on Ru surfaces occurs at
potentials below 0.2 V vs. RHE (Arico et al., 2001), whereas on Pt, the reaction occurs at much higher
potentials of around 0.5 V vs. RHE (Gasteiger et al., 1994b), which effectively blocks Ru sites for

methanol chemisorption.

Although at high temperatures Ru can take part in methanol chemisorption, the oxygenated species
chemisorption energy is much higher and therefore is preferred over methanol chemisorption (Arico

et al., 2001).

A typical methanol oxidation cyclic voltammogram is represented in Figure 2-20:
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Figure 2-20: Cyclic voltammograms of methanol oxidation in an Ar saturated 0.5 M CH;OH and 0.5 M
H,SO, electrolyte at 25 °C on Pt-Ru/C catalysts prepared from different methods and precursors

(Wang et al., 2005).

The oxidation peaks of the forward and reverse sweeps are not completed due to the low upper
limit. In literature, this limit is inconsistent due to the lack of standardisation in this area. The upper
limit is often below 0.8 V vs. RHE due to the instability of the Pt-Ru catalyst as discussed in

section 2.3.4.

2.6.4. Chronoamperometry
Chronoamperometry is a quasi-steady state electrochemical potentiostatic technique which is useful

to compare activities (Santos & Schmickler, 2011) and stability of a catalyst (Wang et al., 2005).

Chronoamperometry is characterized by stepping the potential from one point on the voltammetric
curve to a higher potential (oxidation) or lower potential (reduction) and monitoring the current
response over time (Brett et al., 1992). The first potential applied is below the equilibrium potential
for the reaction. The potential is raised to a higher value (for oxidation) so that the reaction rate is
controlled by mass transfer. At the start of the experiment, and during the first low potential step,
the concentration of reactant at the surface of the electrode is equivalent to the bulk concentration.

Once the potential has stepped to a higher potential, the concentration of reactant near the
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electrode drops to zero due to the high reaction rate. As the reaction time continues, the reactant in
the location around the electrode depletes causing the diffusion distance from the bulk solution to
the electrode to increase and the concentration gradient to decrease. Since the concentration

gradient decreases, the current declines over time (Zhang, 2008).

The experiment is not carried out for a duration longer than a few minutes since the reaction zone
depletes quickly. Therefore a long period is not needed in order to analyse the mass transfer rate. In
addition, over a long period of time convection due to a buildup of density gradients and

environmental vibration is likely to influence results (Zhang, 2008).

Electro-catalysts stability testing is frequently evaluated using chronoamperometry as the decay in
current over time can be related to the decay in activity over time and thus allows the catalytic

activities of catalysts to be compared with a time component (Maiyalagan, 2008) (Yang et al., 2007).

2.7. Physical Characterisation Techniques

Transmission Electron Microscopy (TEM), Energy-dispersive X-ray spectroscopy (EDX) coupled to a
Scanning Electron Microscopy (SEM) and Thermogravimetric Analysis (TGA) and X-ray Diffraction
(XRD) were used as physical characterization techniques. Standard methods were employed for

TEM, SEM and TGA therefore only XRD will be discussed in more detail in this section.

X-ray Diffraction (XRD) is the process of focusing x-rays on a surface. These x-rays interact with the
electrons in the matter and are scattered in various directions due to contact with the atomic
electrons (Zhang, 2008). XRD allows for the analysis of crystallographic structure, alloying nature and

crystallite size to be analysed.

When an x-ray source is applied to a material at an angle (0), a diffraction pattern is specific to the
compound observed. English physicists Sir W.H. Bragg and his son Sir W.L. Bragg developed a
relationship in 1913 to explain why the cleavage faces of crystals appear to reflect X-ray beams at

certain angles of incidence (8).
The wave diffractions take place according to Bragg’s Law:
nd = 2dpsin@ (n = 1,23, ...) Equation 33

Where: A is the wavelength of the X-ray source, d is the lattice spacing, 8 is the half-value of the

diffraction angle, n is the order of the reflection.
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The diffraction patterns are unique for the material’s crystal structure and can therefore be used for

identification of the compound.

Figure 2-21: Illustration of X-ray diffraction (KU Leuven, 2010).

The average crystallite size is determined by using the Scherrer equation and a correction factor:

= kA
- Bcosb

Equation 34

k is a dimensionless shape factor, usually assumed to be 0.9, B is the peak broadening of 20 at half
height and A. Is the wavelength An estimate of crystallite size, if one assumes spherical powder

particles, were made using the equation:
dp = (g) XT Equation 35

Where: 1 is the volume-weighted length of the column perpendicular to the hkl plane, which is a

measure of crystallite size, d, is an estimation of crystallite size.
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Figure 2-22: XRD pattern for Pt-Ru/C alloyed (A) and partially alloyed (B) (Adapted from Wang et al.,
2005).

The expected surface area of the catalyst can be calculated using the crystallite size from the XRD

pattern in Equations 36 and 37 (Wang et al., 2005).

G/ = 6000

Ppt—Rulp

Equation 36

Ppt—ru = XptPpt + XruPru Equation 37

Where SA is the estimated surface area, pp.r, is the density of the Pt-Ru alloy, pp; is the density of
platinum metal (21.45 g/cm?), pg, is the density of ruthenium metal (12.45 g/cm?®) and ruthenium
oxide has a density of 6.97 g/cm?>. The assumptions associated with Equations 36 and 37 are that the
catalyst particles are spherical and a weighted density correlation is seen when the metals are
mixed. In addition to these assumptions, an assumption is made when ruthenium exists as
ruthenium oxide, the oxide species contributes to the active surface area of the catalyst as seen by

Equation 24, and can therefore be included in the density of the overall catalyst particle.
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To determine the degree of alloying a shift of peak position in the diffraction pattern and presence
of Ru metal peaks is used. The typical alloyed Pt-Ru/C (A) and partially alloyed Pt-Ru/C (B) diffraction

pattern is given in Figure 2-22.

The shift of the Pt crystallite diffraction peaks demonstrates the presence of an alloy. However,
when the Ru (1 0 1) diffraction peak is absorbed atleast some of the Ru exists as a metal in unalloyed

form.

For the Pt-Ru alloy, a more quantitative analysis of the degree of alloying can be employed. This is
the study of the d-spacing, as indicated in Figure 2-22 as dy. The d-spacing of a platinum lattice will
decrease as smaller ruthenium atoms are included in the lattice structure (Watanabe et al., 1987).
The decrease in d-spacing can be translated into the degree of Ru alloying by the following equations

outlined by Antolini & Cardellini (2001):

A =dgpacing X VI2 +m? +n? Equation 38
Xpy = l"ST_A Equation 39

Where A is the lattice constant, I, is the lattice parameter of pure carbon supported Pt and

k=0.12452 A.

Catalyst particles with no or little crystalline structure are called amorphous. This amorphous
structure will show on an XRD curve as low intensity, broad peaks (Arico et al., 2002). Metal oxides
such as platinum oxide, hydrous platinum oxide and ruthenium oxides often have an amorphous
structure, therefore Pt-Ru catalysts often appear to have an amorphous XRD pattern if metal oxides

are present (Arico et al., 2002) (Dinh et al., 2000).
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3. OBJECTIVES AND HYPOTHESIS

An increase in activity and stability of the Pt-Ru/C catalyst will result in a decrease in catalyst
expenditure due to a decrease in catalyst loading. In addition, performance will increase due to a
reduction in ruthenium dissolution and crossover. Therefore, increasing the activity and stability of
the Pt-Ru/C catalyst is paramount in improving the current DMFC performance and viability as an

alternative energy source.

The activity for methanol electro-oxidation and stability of the Pt-Ru/C catalyst is largely affected by
the catalyst synthesis method, precursors, reduction time and temperature. These parameters
influence the structure, morphology, alloying and dispersivity of the catalyst which in turn affects
methanol electro-oxidation activity and stability (Wang et al., 2005).

The chemical deposition methods have shown promise in improving performance of electro-
catalysts (Garcia & Goto, 2003). However, it is important to optimise method conditions such as
operational time and temperature for Pt(acac), and Ru(acac); precursors in the reactor. To date, a
methodical approach to optimizing the chemical deposition synthesis method for Pt-Ru/C has yet to

be undertaken.

As evident from the literature review, the optimum Pt:Ru ratio is a much contested topic. It is
therefore an important ratio to optimize for each researcher’s method as slight variations could
cause differing results (Zhang, 2008). The objectives of this study are therefore to:

l. Prepare Pt-Ru/C catalysts from Pt(acac), and Ru(acac); precursors by thermally induced
chemical deposition to investigate which method produces well dispersed, alloyed, small
catalyst particles.

Il Find optimal reactor operating time and temperature for catalyst preparation and study
methanol oxidation activity.

Il Prepare Pt-Ru catalysts with different Pt:Ru ratios by the chemical deposition method to
determine the optimal ratio for methanol oxidation.
V. Determine if there is a correlation between methanol oxidation activity and carbon

monoxide oxidation activity.

For this study, the following is hypothesised for the use of the chemical deposition method:

l. The chemical deposition method can be used to obtain alloyed Pt-Ru particles on a

carbon support through a ‘one-step’ reaction.
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1. The activity and stability of Pt-Ru/C catalysts can be optimized through the reactor

operating temperature and time.

Factors which affect catalyst activity and stability were reviewed for this study. In addition to
preparation in the reactor, reduction time and reduction temperature, the variation of the Pt:Ru
ratio was also considered. Since methanol oxidation occurs on Pt sites and is enhanced by the

introduction of Ru into the lattice, it is thus hypothesized that:

Il The activity of Pt-Ru/C catalysts can be optimized for methanol oxidation activity

through variation of the Pt:Ru ratio.
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4. EXPERIMENTAL PROGRAMME
The experimental programme below specifies the preparation, electro-characterisation and physical
characterisation of Pt-Ru alloy on carbon catalysts prepared by metal-organic chemical deposition

methods.

Table 4-1: List of Chemicals and Gases used for catalyst preparation and electrochemical

characterisation

Chemical Formula Chemical Name Supplier Purity Grade (%)
Pt(acac), Platinum acetylacetonate Sigma Aldrich 97
Ru(acac); Ruthenium acetylacetonate Sigma Aldrich 97

Vulcan XC72R-50 Carbon Black Electrochem, Inc. -

H,S0, Conc. Sulphuric Acid Sigma Aldrich 95-98
H,0, Hydrogen Peroxide Sigma Aldrich 35
C;H,OH Iso-propanol Kimix Chemicals 99.9
- Nafion Solution lon-Power 5
CH;OH Methanol Sigma Aldrich 99.9
Ar Argon Air Liquide 99.999
co Carbon Monoxide Air Liquide 95
N, Nitrogen Air Liquide 99.999
- Synthetic Air Air Products -

4.1. Catalyst Synthesis by chemical deposition method
The Pt-Ru/C catalysts were prepared in a standard in-house reactor, designed based on literature

and TGA data around temperatures and reactor atmosphere required. The precursor’s masses were
calculated by setting the specific wt% of metal on carbon, the Pt:Ru ratios desired and using a basis

of 125 mg of Vulcan XC72R-50. An image of the reactor is shown in Figure 4-1.
A typical procedure is described below.

A 50 wt% Pt-Ru/C catalyst with a molar ratio of 50:50 was first prepared by weighing 125 mg of
Vulcan XC72R-50, 166 mg Pt(acac), and 168.2 mg Ru(acac)s. The pre-weighed Vulcan and precursors
were mixed using a mortar and pestle, loaded into the reactor and the reactor was sealed. The
reactor was placed into a tubular furnace and an argon line was connected to the reactor. The
furnace was programmed to heat to 100 °C, over a 30 minute period and hold at 100 °C for 30

minutes. The reactor was then sealed off from the argon and the furnace was heated to 350 °C, the
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operating temperature, over a 60 minute period. The furnace was held at a temperature of 350 °C

for a period of 4 hours. The reactor and furnace were left to cool to room temperature for 12 hours,

after which the catalyst was removed and stored in a glass vial.

Figure 4-1: Reactor used for preparation of chemical deposition catalysts (Haynes alloy).

Synthesis atmosphere, times and temperatures were varied as shown in the table below:

Table 4-2: Synthesis conditions for each prepared catalyst

Catalyst Atmosphere Operating Temperature (°C) Operating Time
1 Vacuum 350 4 hours
2 Argon 350 30 minutes
3 Argon 350 30 minutes
4 Argon 350 1 hour
5 Argon 350 2 hours
6 Argon 350 4 hours
7 Argon 350 6 hours
8 Argon 350 8 hours
9 Argon 300 4 hours
10 Argon 450 4 hours
11 Argon 600 4 hours
12 Argon 700 4 hours
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Catalyst 3 is a remake of catalyst 2 in order to determine the reproducibility of the study. Different
molar ratios were also investigated. The table below summaries the masses of Pt(acac), and

Ru(acac); required for a 50 wt% Pt-Ru/C and different Pt:Ru molar ratios.

Table 4-3: Summary of masses of Vulcan XC72R-50, Pt(acac), and Ru(acac); for each catalyst of

different ratios.

Pt:Ru Molar Ratio  Mass Pt(acac), (mg) Mass Ru(acac); (mg) Mass Vulcan XC72R-50 (mg)

90:10 238.3 26.8 125
80:20 2231 56.5 125
75:25 214.9 72.6 125
60:40 187.3 126.5 125
50:50 166.0 168.2 125

4.2. Electrochemical Characterisation
Electrochemical characterisation was used to determine the activity for methanol oxidation, CO
oxidation, ECSA and stability of the Pt-Ru/C catalysts. This section details the experimental setup,

preparation and procedure employed in the electrochemical experiments.

4.2.1. Cell Setup

The electrochemical characterisation experiments were conducted in a typical three electrode
electrochemical cell (Gamry Instruments). A glassy carbon electrode coated with catalyst ink was
used as the working electrode, a Pt wire as a counter electrode and Hg/HgSO, reference electrode
were used for the electrochemical experiments. All potentials were corrected and reported using the
standard hydrogen electrode (SHE). A 0.5 M H,SO, electrolyte solution was used for cyclic
voltammetry experiments and prepared using 18.2 MQ.cm deionised water and concentrated H,SO,.
A 0.5 M H,SO, and 1 M MeOH electrolyte solution was used for oxidation cyclic voltammetry,
prepared using 18.2 MQ.cm deionised water, concentrated H,SO, and concentrated MeOH. The

electrolyte solution for all electrochemical experiments was changed for each experiment/catalyst.

The glassware used was thoroughly cleaned before each experiment. The glassware was immersed
in a solution of 1:1 hydrogen peroxide and concentrated sulphuric acid overnight prior to
experiments, after which it’s rinsed in 18.2 MQ.cm deionised water. Care was taken when handling
the H,0,/H,S0,, heavy duty rubber gloves and a face shield were used when handling the solution

and glassware.
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A 5 mm diameter glassy carbon electrode was used for all electrochemical characterisations and was
thoroughly cleaned by polishing to a mirror finish in 1 um followed by a 0.05 um alumina suspension
(Buehler) and rinsed by water prior to all experiments. The counter electrode was cleaned by
burning off impurities over a flame for 20 seconds and rinsing with deionised water to cool down

before placing in the cell.

Electrochemical characterisation sequence was cyclic voltammetry, followed by CO stripping, then
methanol oxidation and finally chronoamperometry. In between CO stripping and MeOH oxidation,
the electrolyte was changed. These experiments were done consecutively for each catalyst film and

were carried out in a 5 hour period.

4.2.2. Catalyst Ink Preparation

A catalyst ink was prepared in a glass vial by adding 5 mg of the catalyst to 5.5 ml of 18.2 MQ.cm
deionised water, 1 mL of isopropanol and 50 pL of 15 wt.% Nafion® solution. The mixture was sealed
in the vial, placed in a beaker of ice and ultrasonicated for 30 minutes. A micropipette was used to
place 10 pL of the catalyst onto the working electrode (Pine Instruments). The electrode was left in
air to dry, once the ink was dry the surface of the electrode was wetted using 18.2 MQ.cm deionised

water and lowered into the cell until the tip is submerged in the electrolyte by no more than 1 cm.

The metal on the electrode varied in accordance with the Pt:Ru ratio and is shown in the table

below:

Table 4-4: Masses of Pt and Ru in the catalyst ink on the electrode.

Pt:Ru Ratio Mass Pt (pg/cm?) Mass Ru (pg/cm?)
90:10 17.3 1.93
80:20 154 3.85
75:25 14.4 4.81
60:40 11.6 7.70
50:50 9.63 9.63

4.2.3. Cyclic Voltammetry

Cyclic Voltammetry (CV) was used to clean the Pt-Ru/C catalyst surface of any impurities. The CV
experiments were performed in an argon purged 0.5 M H,SO, electrolyte solution. The cell was
purged with argon for 30 minutes to deoxygenate the system before the working electrode was
inserted into the cell. The potential of the working electrode was cycled between 0 and 0.7 V vs. SHE

at 100 mV for 50 cycles, the scan rate was then reduced to 50 mV and cycled between 0 and 0.7 V
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vs. SHE for 5 cycles. The CV curves could not be used to determine ECSA. Pt-Ru catalysts show a thick
electric double layer, due to charging phenomenon. This leads to Pt-Ru not having a defined

hydrogen adsorption-desorption region (Spinacé et al., 2007).

4.2.4. CO Stripping Voltammetry

CO stripping voltammetry was used to determine the electrochemically active surface area (ECSA) of
the Pt-Ru/C catalysts. The experiments were performed by initially purging the electrolyte with CO
gas for 20 minutes while holding the potential of the working electrode at 0.1 V vs. SHE, where CO
will absorb onto the catalyst surface in the form of Pt-CO and Ru-CO. The cell is subsequently purged
with argon for 20 minutes while holding the potential at 0.1 V vs. SHE to ensure the remaining CO is
only on the catalyst surface. The potential is then cycled, starting at 0.1 V vs. SHE to 0.8 V vs. SHE at

50 mV/s for 5 cycles.

The first cycle oxidises the surface CO to CO, while the last cycle is surface CO free which allows for
the difference in area’s to be integrated for charge. The ECSA was determined by assuming
420 pC/cm’y per monolayer of CO adsorbed onto the surface metals and using the equation below.
Since this value is valid for Pt surfaces it is not entirely accurate as Ru alloyed with Pt would have a
slightly different adsorption charge. However, it is generally accepted in literature as suitable to

compare catalysts.

£CsA <cm,23t> _ _ Charge (uC)
gpe 420 = X Catalyst Loading (gp¢)
CMpy

4.2.5. Methanol Oxidation Cyclic Voltammetry

Methanol oxidation cyclic voltammetry was performed to compare the activity of the Pt-Ru/C
catalysts for methanol oxidation. The CV experiments were carried out in an argon purged in 0.5 M
H,SO, and 1 M CH;O0H electrolyte solution. The cell was deoxygenated by purging the system with
argon for 30 minutes before the working electrode was placed in the cell. The potential of the

working electrode was cycled between 0 and 0.7 V vs. SHE at 20 mV for 5 cycles.

The activity of the Pt-Ru/C catalysts was reported in terms of onset potential and mass specific
activity on the working electrode (A/gmetal) ON the electrode and geometric surface area of the glassy

carbon electrode (mA/cm?) at a potential of 0.5 V vs. SHE on the forward sweep.
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4.2.6. Chronoamperometry

Chronoamperometry was used to determine the stability of the Pt-Ru/C catalysts. The experiments
were performed in an argon saturated 0.5 M H,SO, and 1 M CH;O0H electrolyte solution. The cell was
deoxygenated by purging the system with argon for 30 minutes before the working electrode was
inserted into the cell. The potential was then set at 0.1 V vs. SHE and stepped to 0.5 V vs. SHE. The
current was measured over a period of 30 minutes and reported in terms of mass of platinum on the
working electrode (A/gmetal) On the electrode and geometric surface area of the glassy carbon

electrode (mA/cm?).

4.2.7. Standard Catalysts and Reproducibility

Two Pt-Ru/C commercial catalysts were used to establish a standard electrochemical activity and
benchmark for all further electrochemical experiments for the Pt-Ru/C catalysts produced. Due to
non-disclosure agreements, these catalysts will be referred to as commercial 1 (40 wt% Pt, 20 wt%
Ru) and commercial 2 (30 wt% Pt, 23 wt% Ru). The commercial catalysts were used to determine the

reproducibility of the electrochemical experiments and used as a benchmark for results obtained.

4.3. Physical Characterisation
Physical characterisation of the bimetallic catalysts were employed since an understanding of the
structure, morphology, size and crystallinity of the Pt-Ru/C catalysts are vital in electrochemically

active surface area, the activity for methanol oxidation and CO tolerance.

4.3.1. Transmission Electron Microscope (TEM)

Transmission Electron Microscope (TEM) was carried out at the Electron Microscope Unit at the
University of Cape Town on a Tecnai G* electron microscope operating at 200 kV. A small amount of
Pt-Ru/C catalyst was mixed with 2 ml of acetone and placed in an ultrasonic bath for 15 minutes. A
drop of the solution was placed onto a carbon coated copper grid and the acetone was evaporated

under a lamp for a few seconds before TEM analysis took place.

TEM was used to determine the particle size of the Pt-Ru nanoparticles and the dispersion of the

metal on Vulcan XC72R-50. Image) 1.47v was used to measure 100 particles and an average is found.

4.3.2. Energy-dispersive X-ray spectroscopy (EDX)

Energy-dispersive X-ray spectroscopy (EDX) coupled to a Scanning Electron Microscopy (SEM) was
carried out at the Electron Microscope Unit at the University of Cape Town on a FEI Field Emission
Nova NanoSEM 230, using an Oxford X-Max detector and INCA software, at 30 kV. The samples
were placed on a carbon paste and left to dry before analysis took place. This technique was used to

determine the Pt:Ru ratio.
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4.3.3. X-ray Diffraction (XRD)
X-ray Diffraction (XRD) was carried out on a Bruker D8 Advance diffractometer with a Co K, radiation
source operating at 40 kV. The Pt-Ru/C catalyst was placed in the sample holder and the x-ray angle

was increased from 10° to 130° at 2° per minute.

XRD was used to determine the average crystallite size and Bruker Eva software was used to

determine the d-spacing of the catalyst particles.

The average crystallite size was determined by using the Scherrer equation and correction factor:

k2
te BcosO

k is a dimensionless shape factor, usually assumed to be 0.9, B is the peak broadening of 26 at half
height and A. Is the wavelength An estimate of crystallite size, if one assumes spherical powder

particles, were made using the equation:
d (4) X
=(z) X1
3

Where: 1 is the volume-weighted length of the column perpendicular to the hkl plane, which is a

measure of crystallite size, d, is an estimation of crystallite size.

4.3.4. Thermogravimetric Analysis (TGA)

Thermogravimetric Analysis (TGA) was carried out at the Department of Chemical Engineering at the
University of Cape Town in a METTLER TGA/sDTA851e Thermogravimetric Analyser. A small amount
of Pt-Ru/C catalyst sample (2-10 mg) was placed in an aluminium oxide (Al,0s) crucible. The sample

is oxidised at 10°C per minute from 25°C to 800°C in 10 ml/min in synthetic air.
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5. RESULTS AND DISCUSSION

Section 5 details the physical and electrochemical characterisation results of this study. Section 5.1 is
the benchmarking section whereby two commercial catalysts are tested to offer the reader
reference values for the catalysts prepared in this study. Commercial catalyst 1 is a 60 wt% Pt-Ru/C
with a molar ratio of 1:1 while commercial catalyst 2 is a 54 wt% Pt-Ru/C with a molar ratio of 1:1.5.
Section 5.2 covers the reproducibility of the study, as two catalysts were prepared and tested under
the same conditions to show the reader the preparation method and electrochemical setup are
working correctly and the results presented are herein reliable and reproducible. Section 5.3 is a
TGA analysis of the precursors in order to determine the initial conditions of the reactor. Section 5.4
covers the precursor deposition phase for preparation under vacuum and argon. Section 5.5 is a
detailed temperature profile of the furnace, which is an important parameter to consider when
producing catalysts in the furnace. A systematic study was then conducted through various
parameters, with each section influencing the subsequent experiments’ parameters. Section 5.6
details the results collected for the physical and electrochemical characterisation of the catalysts
prepared under argon and vacuum atmospheres. The results from section 5.6 are then carried
through to section 5.7 which covers the reactor temperature influence on physical and
electrochemical characteristics of the catalysts prepared. The results from the temperature study
were considered in section 5.8 which discusses the influence of the operating time on the physical
and electrochemical characteristics of the prepared catalysts. Section 5.9 talks to the influence of
Pt:Ru ratio on the physical and electrochemical characterisation of the prepared catalysts. Section
5.10 details the comparison between the commercial catalysts and the best performing prepared

catalyst.
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RESULTS AND DISCUSSION

Benchmarking

Benchmarking experiments were carried out on two commercial Pt-Ru/C catalysts using CO stripping

voltammetry, methanol oxidation and chronoamperometry experiments. Commercial catalyst 1 is a

60 wt% Pt-Ru/C (Pt:Ru, 1:1) catalyst and commercial catalyst 2 is a 54 wt% Pt-Ru/C (Pt:Ru, 1:1.5)

catalyst.
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Figure 5-1: First sweep of CO stripping voltammograms of commercial catalysts 1 and 2.

Table 5-1: ECSA of commercial catalysts measured using CO stripping voltammetry.
Commercial catalyst wit% Pt ECSA (m?/g)
Commercial 1 60 40.3
Commercial 2 54 105

Specifications of catalyst 2 were provided by the manufacturer wherein th

e active surface area of

the catalyst, determined by CO adsorption, was stated to be 103.1 mz/gcat. This is close to the ECSA

found by the electrochemical setup in this study and is an indication of the reliability of the

electrochemical methods used in this study. Underneath are listed the CO oxidation, MeOH

oxidation and chronoamperometry results.

Table 5-2: Electrochemical results for CO oxidation on commercial catalysts.

Commercial catalyst Onset Potential Current at

Current at

(V vs. SHE) 0.5V vs. SHE (A/8meta) 0.5 V vs. SHE (mA/cm?)
Commercial 1 0.454 35.4 8.6
Commercial 2 0.400 77.8 8.6
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Figure 5-2: Methanol oxidation cyclic voltammograms of commercial catalysts 1 and 2.

Table 5-3: Electrochemical results for methanol oxidation on commercial catalysts.

Commercial catalyst Onset Potential Current at Current at

(V vs. SHE) 0.5V vs. SHE (A/8meta) 0.5 V vs. SHE (mA/cm?)

Commercial 1 0.328 31.2 7.6
Commercial 2 0.328 46.8 5.2
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Figure 5-3: Chronoamperometry curves for commercial catalysts 1 and 2.

Table 5-4: Chronoamperometry results on commercial catalysts.

Commercial catalyst Current at 30 minutes (A/gmeta) Drop in current (%)
Commercial 1 17.5 32.6
Commercial 2 21.9 34.9

The onset potentials and currents at 0.5 V vs. SHE for methanol oxidation and CO oxidation lie within

a reasonable range for both catalyst 1 and catalyst 2. Combined with the ECSA value obtained for
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catalyst 2 being similar to the catalyst specifications of 103.1 m?/gs this is a further indication that

the experimental protocols developed for this study are reliable.

5.2. Reproducibility

Experimental repeats were performed throughout the project. The results shown below are an
example of one of these experiments. Pt-Ru/C catalysts were produced under argon at 350 °C with a
30 minute operating time, 50 wt% total metal loading, with Pt:Ru of 50:50 to evaluate the
reproducibility of the catalyst production method and testing. Physical and electrochemical

characterisations of these catalysts are detailed below.

5.2.1. TEM and EDX

TEM images for the catalysts prepared under the same conditions are illustrated below:

Figure 5-4: TEM images at 20 nm resolution of two Pt-Ru/C catalysts produced at 350 °C for 30 minutes

under argon with a Pt:Ru ratio of 50:50.

The particle size measured from TEM images was found to be a) 2.60 nm and b) 2.18 nm. EDX
analyses of Pt and Ru in total metal of the prepared catalysts are compared to expected results in
the table below. The Pt and Ru metal percentages calculated from EDX results are within a

reasonable range from the expected metal percentages.

Table 5-5: Expected Pt and Ru mol% in total metal compared to EDX analysis results of catalysts

prepared under the same conditions.

Catalyst Expected (mol%) EDX result (mol%)
Pt Ru Pt Ru
Catalyst a 50.0 50.0 52.0 48.0
Catalyst b 50.0 50.0 51.4 48.6
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5.2.2. TGA
The TGA characterisation was used to determine the total metal loading of each catalyst. The table
below details the expected versus TGA results on total metal loading. These results are close to the

expected metal loading, emphasizing the reliability of the catalyst production method.

Table 5-6: Expected and TGA total metal loading of catalysts prepared under the same conditions.

Catalyst Expected metal loading (wt%) TGA metal loading (wt%)
Catalyst a 50.0 52.7
Catalyst b 50.0 51.7
5.2.3. XRD

XRD analysis was carried out on the catalysts prepared under the same conditions and the

diffraction pattern is illustrated in Figure 5-5:
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Figure 5-5: XRD graphs of Pt-Ru/C catalysts produced under the same conditions a) catalyst a and b)

catalyst b.

The XRD curves are nearly indistinguishable. The Scherrer equation was used to calculate the

average crystallite size for both catalysts, the data is displayed below:

Table 5-7: Particle size calculated using peaks (111) and (220) of XRD for catalysts prepared under

the same conditions.

Catalyst Average crystallite size (nm)
Catalyst a 2.24
Catalyst b 2.29
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The lattice constant was calculated using the d-spacing of (111) and (220) peaks and the ruthenium
atomic fraction in Pt-Ru was calculated using Vegard’s Law for all prepared catalysts. The average

lattice constant and ruthenium fraction included in the Pt-Ru structure is reported in Table 5-8.

Table 5-8: Average Lattice constant and Ru alloyed calculated using peaks (111) and (220) of XRD for

catalysts prepared under the same conditions.

Catalyst Average lattice constant Average Ru atomic fraction in Pt-Ru (%)
Catalyst a 3.921 18.7
Catalyst b 3.922 18.5

5.2.4. CO Stripping Voltammetry
ECSA of the catalysts prepared under the same conditions were determined using CO stripping

voltammetry and the results are shown in Table 5-9.

Table 5-9: ECSA and expected ECSA of catalysts made and tested under the same conditions.

Catalyst Expected ECSA (m?/g) ECSA (m?/g)
Catalysta—run1 224 270
Catalysta—run2 224 242

Catalyst b 220 263

The ECSA and CO oxidation results acquired for the two catalysts, including the two catalyst runs are
within an acceptable range and demonstrate the reproducibility of the preparation method and
electrochemical testing method. Electrochemical characterisation tests for CO oxidation activity
were performed and the onset potential, current at 0.5 V vs. SHE normalized for total metal mass

and finally intrinsic current at 0.5 V vs. SHE is reported.

Table 5-10: Electrochemical results for CO oxidation on catalysts prepared and tested under the

same conditions.

Catalyst Onset potential Current at Current at
(V vs. SHE) 0.5V vs. SHE (A/gmeta) 0.5 V vs. SHE (mA/cm?)
Catalysta—run1 0.386 44.8 1.4
Catalysta—run 2 0.391 49.8 2.4
Catalyst b 0.394 47.1 2.3
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5.2.5. Methanol Oxidation
Electrochemical characterisation tests for methanol oxidation activity were performed and the onset
potential, current at 0.5 V vs. SHE normalized for total metal and finally intrinsic current at 0.5 V vs.

SHE is reported.

Table 5-11: Electrochemical results for methanol oxidation on catalysts prepared and tested under

the same conditions.

Catalyst Onset potential Current at Current at
(V vs. SHE) 0.5 V vs. SHE (A/gmeta) 0.5 V vs. SHE (mA/cm?)
Catalysta—run1l 0.267 120 5.6
Catalysta—run2 0.271 109 53
Catalyst b 0.268 120 5.8

The methanol oxidation results shown in Table 5-11 show results within 10 % of one another, this

confirmed the reproducibility of the production and testing method in its entirety.

5.2.6. Chronoamperometry

Chronoamperometry experiments were carried out on the catalysts prepared under the same
conditions. The current after 30 minutes normalised for total metal mass and the percentage drop
from 30 seconds to 30 minutes is reported in Table 5-12. These results, in accordance with the

previous CO tolerance and methanol oxidation results are in an acceptable error margin of 10 %.

Table 5-12: Electrochemical results for methanol oxidation chronoamperometry on catalysts

prepared and tested under the same conditions.

Catalyst Current at 30 minutes (A/gmeta) Drop in current (%)
Catalysta—-run1 66.9 37.9
Catalysta—run 2 63.8 33.1

Catalyst b 70.8 35.4

5.2.7. Summary of Reproducibility
The data shown in this section speaks to the reproducibility of the catalyst preparation method and
experimental setup. The results given are within a reasonable range of 10 % error and therefore it

can be seen that the data in this work is reliable and reproducible.
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5.3. TGA Analysis of Precursors

Thermogravimetric analysis (TGA) carried out on a Pt(acac), sample and a Ru(acac); sample in a
nitrogen gas environment produced the following curves shown in Figure 5-6. The TGA analysis is
used as an estimation of the decomposition window of Pt(acac), and Ru(acac); to determine the

minimum operating temperature used in the furnace used to produce the catalysts.

120
irmnnnnn > Decomposition Window
100 . :
: ‘\
2% N L
c .
g \ :
S 60 1
X | Pt(acac)2
w
© : :
S 40 ‘
: \: Ru(acac)
] % 3
20 . . PRSI )
O T I. I. T T T T 1
0 100 200 300 400 500 600 700 800

Temperature (°C)

Figure 5-6: TGA curves of Pt(acac), and Ru(acac); measured under nitrogen at a heating rate of

10 °C/min.

The catalysts are produced under an argon and vacuum environment. The TGA curves give an
indication of the decomposition window of both Pt(acac), and Ru(acac); in an inert environment.
The curves show the majority of the decomposition takes place between =200 — 300 °C while a small
amount of precursor decomposes between 300 - 500 °C, leaving behind platinum and ruthenium

metal respectively. Table 5-13 details the weight contribution in the precursors.

Table 5-13: Weight contribution in Pt(acac), and Ru(acac)s.

Precursor Molar weight Metal loading (wt%) Ligand weight contribution (wt%)
Pt(acac), 393.29 49.6 50.4
Ru(acac); 398.39 254 74.6
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These findings are in line with the decomposition temperatures for Pt(acac), and Ru(acac); found in
literature (Yoda et al., 2004 and Igumenov et al., 2007). This gives an estimated temperature in
which to run the furnace used to produce Pt-Ru/C catalysts by decomposition of Pt(acac), and
Ru(acac); on a carbon substrate in an inert environment. Battiston et al. (2005) and Green et al.
(1985) outline the decomposition temperature under a vacuum environment as = 200 — 250 °C for

Pt(acac), and Ru(acac)s.

5.4. Precursor Deposition Phase

When catalysts are produced under argon, it was discovered that precursor deposition occurred
from the liquid phase. Precursor deposition from the liquid phase is an assumption which was made
based on the phase diagram of the precursors used in this study. Assuming Clausius—Clapeyron
relation:

In(P)=B— 2
=857

Where P is pressure in atmospheres, T is temperature in Kelvin, A and B are constants for each

precursor (Morozona et al., 2001)

Table 5-14: Clausius-Clapeyron constants for Pt(acac), and Ru(acac); (Morozona et al., 2001).

Precursor A B
Pt(acac), 12737 20.19
Ru(acac); 15228 25.56

The vapourisation temperatures at atmospheric pressure can therefore be calculated, these were
established to be 358 °C and 323 °C for Pt(acac), and Ru(acac); respectively. However, at
atmospheric pressure, the Pt(acac), melting point is 250 °C and decomposes at around 265 °C (Yoda
et al., 2004) while Ru(acac); has a melting point at 240 °C and decomposes at 285 °C (Igumenov et
al., 2007). Taking this information into account, the precursors are likely to melt and decompose
before reaching the vapourisation temperature, therefore decomposition occurs from the liquid

phase rather than the vapour phase.

Precursor deposition from the liquid phase is not a well-documented method, as literature is
dominated by the OMCVD method. A similar method to liquid deposition is a method called Organo-
Metallic Chemical Fluid Deposition (OMCFD). This method minimises the OMCVD by eliminating the
precursor volatility constraints while retaining the coverage and transport properties since the

precursor is mixed with a supercritical fluid (Long et al., 2000).
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The technique involves three stages, ‘which are dissolutioning of the metallic precursor in the
supercritical fluid phase, adsorption of the metallic precursor on the substrate and reduction of the

metallic precursor to its metal form’ (Erkey, 2008).

5.5. Furnace Temperature Gradient

A temperature gradient was conducted over the length of the furnace. The furnace thermocouples
used to regulate the furnace are not placed in close proximity to the contact area and the heating is
not uniform. Thus the furnace is overheated to temperatures above the set point in the center while
areas on the edges are inadequately heated. Figure 5-7 details the actual temperature along the

furnace for a range of set point temperatures.

Figure 5-7: Temperature profile of the furnace used to produce catalysts by chemical deposition.

The figure above demonstrates the wide variation in temperature along the reactor and illustrates
the importance of the position of the reactor in the furnace. Due to the above observations care was
taken to always place the reactor at the same position. Furthermore, all set points reported in this

work are corrected for the deviations indicated above.
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5.6. Argonvs. Vacuum Reactor Atmosphere

Pt-Ru/C catalysts were produced under argon and vacuum atmospheres respectively. Each catalyst
was made at 350 °C with an operating time of 4 hours, 50 wt% total metal loading, and a Pt:Ru molar
ratio of 50:50. Physical and electrochemical characterisations of these catalysts are detailed below,

followed by a summary in section 5.6.8.

5.6.1. TEM and EDX

TEM images for the catalysts prepared in varying atmospheres are illustrated below:

Figure 5-8: TEM images at 20 nm resolution of Pt-Ru/C catalysts produced at 350 °C for 4 hours

under an a) argon atmosphere and b) vacuum atmosphere.

It is evident from the TEM images that both catalysts have good metal particle dispersion on the

carbon support, however the catalysts produced under a vacuum atmosphere appear to be smaller.

The average particle size for the argon atmosphere prepared catalyst was 3.01 nm and the vacuum
atmosphere prepared catalyst was 2.01 nm. The distribution of particle sizes is shown in Figure 5-9,
this clearly demonstrates the vacuum catalyst particle size range is smaller than that of the argon
catalyst. This is primarily due to the phase of the precursors during decomposition. As seen in the
literature review, precursors at atmospheric pressure do not reach vapourisation temperature
before deposition, while precursors in a vacuum atmosphere vapourise before deposition. The
particle size of the vacuum prepared catalyst is smaller since the precursor deposits from the vapour
phase, while the argon prepared catalyst is larger since the precursor it deposits from the liquid

phase.
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Figure 5-9: Particle size distribution graph of particles measured from TEM images of catalysts

prepared under different atmosphere.

EDX analysis of Pt and Ru in total metal of the argon and vacuum prepared catalysts are compared to
expected results in the table below. The Pt and Ru metal percentages calculated from EDX results

are within a reasonable range from the expected metal percentages.

Table 5-15: Expected Pt and Ru mol% in total metal compared to EDX analysis results of catalysts

prepared under different atmospheres.

Catalyst atmosphere Expected (mol%) EDX result (mol%)
Pt Ru Pt Ru
Argon 50.0 50.0 53.6 46.4
Vacuum 50.0 50.0 52.5 47.5
5.6.2. TGA

The TGA characterisation was used to determine the total metal loading of each catalyst. The table
below details the expected versus TGA results on total metal loading. These results are close to the

expected metal loading, emphasizing the reliability of the catalyst production method.

Table 5-16: Expected and TGA total metal loading of catalysts prepared under different

atmospheres.
Catalyst atmosphere Expected metal loading (wt%) TGA metal loading (wt%)
Argon 50.0 49.5
Vacuum 50.0 50.5
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RESULTS AND DISCUSSION

XRD analysis was carried out on the argon and vacuum atmosphere prepared catalysts and the

diffraction pattern is illustrated in Figure 5-10, with Pt/C XRD graph as reference.
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Figure 5-10: XRD graph of a) Pt/C catalyst and Pt-Ru/C catalysts produced at 350 °C for 30 minutes

under b) argon and c) vacuum atmosphere.

The Pt/C XRD pattern has well defined peaks when compared to that of the Pt-Ru/C catalysts. In

addition, the Pt-Ru/C catalyst peaks are slightly shifted to the right of the Pt/C peaks.

The Scherrer equation was used to calculate the average crystallite size in all the samples. The (111)

and (220) peaks are used to calculate the average crystallite sizes, these peaks are indicated in

Figure 2-22.

Table 5-17: Average crystallite size calculated using peaks (111) and (220) of XRD for catalysts

prepared under different atmospheres.

Catalyst atmosphere Average crystallite size (nm)
Argon 2.80
Vacuum 2.34

The lattice constant was calculated using the d-spacing of (111) and (220) peaks and the ruthenium

atomic fraction in Pt-Ru were calculated using Vegard’s Law for all prepared catalysts. The average

lattice constant and ruthenium fraction included in the Pt-Ru structure is reported in Table 5-18.
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Table 5-18: Average Lattice constant and Ru alloyed calculated using peaks (111) and (220) of XRD

for catalysts prepared under different atmospheres.

Catalyst atmosphere Average lattice constant Average Ru atomic fraction in Pt-Ru (%)
Argon 3.914 25.3
Vacuum 3.923 17.6

The d-spacing of a platinum lattice will decrease as smaller ruthenium atoms are included in the
lattice structure (Watanabe et al., 1987), this translates into a decrease in lattice spacing and lattice
constant. Therefore it can be seen the lattice constant in inversely proportional to the ruthenium
included in the platinum lattice since a decrease in lattice constant is due to an increase in
ruthenium content in the lattice (Antolini & Cardellini, 2001). In addition, an increase in ruthenium in
the platinum lattice is illustrative of the degree of alloying in the catalyst. The increase in ruthenium
atomic fraction in the metal structure is due to better mixing of metals and alloying, hence the liquid

phase deposition allows for better alloying of the metals.

5.6.4. Cyclic Voltammetry

Cyclic voltammograms were used to characterize the Pt-Ru catalysts by analysing the changes in
shape and pseudo-capacitance between catalysts. The cyclic voltammograms for the catalysts
prepared under an argon and vacuum atmosphere are shown in Figures 5-11 and 5-12 respectively,
where the first and 50™ cycles are shown. Figure 5-13 compares the first cycles of the catalysts,

corrected for metal loading and the maximum height.
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Figure 5-11: First and 50" cyclic voltammetry curves for the catalyst produced under an argon

atmosphere at 350 °C for 4 hours.
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Figure 5-12: First and 50" cyclic voltammetry curves for the catalyst produced under vacuum

atmosphere at 350 °C for 4 hours.

Figures 5-11 and 5-12 and show large pseudo-capacitance along the potential range, this is an
indication of ruthenium oxide species content, as shown in literature (Sato et al., 2000). The large
pseudo-capacitance is due to the multiple oxidation states for oxidation and reduction of ruthenium
which allows for ruthenium oxide to be oxidised and reduced to varying forms, some which can
continue to be reduced and oxidised (Sato et al., 2000). Zheng et al. (1995) described the cyclic
voltammetry curve of RuO, in a H,SO, electrolyte as mirror like and featureless which describes the
figures well. The difference between the 1% and 50 cycle, for both catalysts, can be attributed to
ruthenium oxide species reduction to non-reducible ruthenium oxides (Maillard et al., 2002) thus a

decrease in pseudo-capacitance is seen.

100 [\
50 zoz==== l

Current (%)
¢
o o
1
]
]
0
\
i
\
|
|
|
|
>
oa
o
35

/
-150 d

'200 T T T T T T 1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
E vs. SHE

Vacuum

Figure 5-13: First cyclic voltammograms for the catalysts produced under argon and vacuum

atmosphere at 350 °C for 4 hours.
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The cyclic voltammetry curves shown in Figure 5-13 are very similar, indicating a similar ruthenium
oxide content. The catalyst prepared under an argon atmosphere has a slightly larger pseudo-
capacitance than the catalyst produced under a vacuum atmosphere indicating a slightly larger

ruthenium oxide content in the argon prepared catalyst.

5.6.5. CO Stripping Voltammetry
CO Stripping voltammetry was used to determine the ECSA of the catalysts prepared under argon
and vacuum atmospheres, the results are illustrated in Table 5-19. The ECSA of all catalysts were

calculated assuming a charge of 0.42 mC.cm™ per CO monolayer adsorbed on the Pt-Ru surface.

Table 5-19: ECSA and expected ECSA of catalysts prepared under different atmospheres.

Catalyst atmosphere  Expected ECSA (m?/g)  Expected ECSA (m?/g) ECSA (m?/g)
for Pt-Ru for Pt-RuO,
Argon 138 180 175
Vacuum 165 215 201

The ECSA values calculated in the above table are in accordance with the particle size difference.
Since the particle size of the catalyst prepared in a vacuum atmosphere is smaller than the catalyst
prepared in an inert environment, the former would have a higher surface to volume ratio resulting
in a higher ECSA. The similarity between expected ECSA and actual ECSA confirmed the assumption

that the ruthenium in the catalyst exists as ruthenium oxide rather than ruthenium metal.

Electrochemical characterisation tests for CO oxidation activity were performed and the onset
potential, current at 0.5 V vs. SHE normalized for total metal mass and finally intrinsic current at 0.5

V vs. SHE is reported.

Table 5-20: Electrochemical results for CO oxidation on catalysts prepared under different

atmospheres.
Catalyst atmosphere Onset potential Current at Current at
(V vs. SHE) 0.5V vs. SHE (A/gmeta) 0.5 V vs. SHE (mA/cm’)
Argon 0.411 33.6 2.3
Vacuum 0.429 17.1 1.2

The CO tolerance of a catalyst can be seen by the onset potential, since onset potential is directly

proportional to activation energy of the CO oxidation reaction. Therefore, lower activation energy is
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translated into a higher activity and thus a more CO tolerant catalyst. Contrary to the high ECSA of
the vacuum prepared catalyst, the argon prepared catalyst is more active for CO oxidation than the
vacuum catalyst. This could be attributed to the degree of alloying in the argon prepared catalyst as
this is more suited to CO tolerance or the particle morphology differences attributed to
decomposition from the vapour phase vs. liquid phase. Another explanation for this difference could
be that the argon prepared catalyst contains more ruthenium oxide than the vacuum prepared
catalyst, as indicated by the cyclic voltammograms, and this has been shown in literature to improve

CO tolerance (Over & Muhler, 2003 and Kim et al., 2000).

5.6.6. Methanol Oxidation

Electrochemical characterisation tests for methanol oxidation activity were performed and the onset
potential, current at 0.5 V vs. SHE normalized for total metal mass and finally intrinsic current at 0.5
V vs. SHE is reported. Figure 5-14 is the methanol oxidation voltammetry graph isolating the onset

potential.

Table 5-21: Electrochemical results for methanol oxidation on catalysts prepared under different

atmospheres.
Catalyst atmosphere Onset potential Current at Current at
(V vs. SHE) 0.5V vs. SHE (A/gmeta) 0.5 V vs. SHE (mA/cm?)
Argon 0.288 95.0 6.6
Vacuum 0.290 63.8 4.6
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Figure 5-14: Electrochemical graphs for methanol oxidation onset potential on catalysts prepared

under different atmospheres.
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In accordance with CO tolerance results in section 5.6.5., the catalyst prepared in an argon
environment is more active for methanol oxidation. As in CO tolerance, this increased activity for
methanol oxidation could be attributed to the differences in the degree of alloying and ruthenium
oxide content between the catalysts or the particle morphology differences in the catalysts due to
the decomposition phase of the precursors. This finding is well explained in literature on ruthenium
oxide on methanol oxidation (Bock et al., 2005, Long et al., 2000, Rolison et al., 1999) (Frelink et al.,
1995a, 1995b & 1996), in accordance with CO tolerance, has shown the importance of ruthenium

oxide on methanol oxidation activity.

5.6.7. Chronoamperometry

The importance of chronoamperometry is to establish the catalyst stability in a pseudo-fuel cell
environment. Chronoamperometry experiments were carried out on the catalysts prepared under
argon and vacuum atmospheres. The current after 30 minutes normalised for total metal mass and

the percentage drop from 30 seconds to 30 minutes is reported in Table 5-22.

Table 5-22: Electrochemical results chronoamperometry on catalysts prepared under different

atmospheres.
Catalyst atmosphere Current at 30 minutes (A/gmetal) Drop in current (%)
Argon 37.7 42.2
Vacuum 235 50.6

Final chronoamperometry currents for the prepared catalysts follow well from the methanol
oxidation currents recorded in section 5.6.6. A drop in current during a chronoamperometry test is
an indication of the stability of the catalyst (Wang et al., 2005). This instability could be due to

catalyst degradation by ruthenium dissolution (Gancs et al. 2007).

The catalyst prepared in a vacuum atmosphere had a greater drop in current from 30 seconds to 30
minutes when compared to the catalyst prepared under an argon atmosphere. This additional drop
in current could be due to the smaller particle size of the vacuum prepared catalyst undergoing

more sintering during the chronoamperometry experiment.

5.6.8. Summary of Atmosphere Influence
The catalyst preparation atmosphere plays a significant role in CO tolerance, methanol oxidation
activity and stability of the catalyst. The precursors in the argon environment decomposed from a

liquid form, whilst the precursors under a vacuum environment decomposed from the vapour phase.
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This change in decomposition phase influenced the particle size and catalyst morphology leading to

a higher ruthenium content in the argon prepared catalyst than in the vacuum prepared catalyst.

This change in morphology relayed into an increased activity for methanol and CO oxidation as
shown in literature by many researchers, as well as increased stability in chronoamperometry
experiments for the catalyst produced in an argon environment. Therefore, catalysts produced in the

subsequent sections were made under an argon atmosphere.
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5.7. Operating Temperature Influence

Pt-Ru/C catalysts in this section were produced under argon at different operating temperatures
ranging from 300 °C to 700 °C with an operating time of 4 hours, 50 wt% total metal loading, and a
Pt:Ru molar ratio of 50:50. Physical and electrochemical characterisations of these catalysts are

detailed below, followed by a summary in section 5.7.8.

5.7.1. TEM and EDX
TEM images for the catalysts prepared at a temperature of 350 °C for differing operating times is

illustrated below:

Figure 5-15: TEM images at 20 nm resolution of Pt-Ru/C catalysts produced for 4 hours under
argon at a) 300 °C b) 350 °C c) 450 °C d) 600 °C e) 700 °C

The TEM images show well dispersed particles across all operating temperatures, however the
particle size visibly increases between temperatures 300 °C to 700 °C. The average particle sizes
measured from TEM are shown in Table 5-23, followed by a particle size distribution graph in Figure
5-16. The particle distribution graph re-iterates the visible increase in particle size changes as

operating temperature increases.
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Table 5-23: Average particle size from TEM imaging of catalysts made under argon at different

operating temperatures for 4 hours.

Operating temperature (°C) Average Particle Size (nm)
300 2.50
350 3.01
450 2.75
600 2.86
700 4.24
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Figure 5-16: Particle size distribution graph of particles measured from TEM imaging of catalysts

made under argon at different operating temperatures for 4 hours.

An increase in catalyst particle size is observed as operating temperature increases since high
temperatures causes sintering of the catalyst particles, resulting in larger catalyst particles at higher

temperatures.

EDX analysis of Pt and Ru in total metal of the different operating time prepared catalysts are
compared to expected results in Table 5-24. The EDX values calculated are within a reasonable range

of the expected metal percentages.
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Table 5-24: Expected Pt and Ru mol% in total metal compared to EDX analysis results of catalysts

made under argon at different operating temperatures for 4 hours.

Operating temperature (°C) Expected (mol%) EDX result (mol%)
Pt Ru Pt Ru
300 50.0 50.0 49.7 50.3
350 50.0 50.0 53.6 46.4
450 50.0 50.0 48.8 51.2
600 50.0 50.0 55.2 44.8
700 50.0 50.0 55.8 44.2
5.7.2. TGA

The TGA characterisation was used to determine the total metal loading of each catalyst. The table
below details the expected versus TGA results on total metal loading. These results are in a sensible

range to the expected metal loading.

Table 5-25: Expected and TGA total metal loading of catalysts made under argon at different

operating temperatures for 4 hours.

Operating temperature (°C) Expected metal loading (wt%) TGA metal loading (wt%)
300 50.0 50.2
350 50.0 49.5
450 50.0 50.4
600 50.0 50.1
700 50.0 50.2
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5.7.3. XRD

XRD analysis was carried out on the different operating temperature prepared catalysts and the

diffraction pattern is illustrated in Figure 5-17:
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Figure 5-17: XRD graphs of Pt-Ru/C catalysts produced for 4 hours under argon at a) 300 °C b) 350 °C
c) 450 °C d) 600 °Ce) 700 °C
Using diffraction peaks (111) and (220) the crystallite size of each prepared catalysts was determined

and the results are shown in Table 5-26.

Table 5-26: Crystallite size calculated using peaks (111) and (220) of XRD for catalysts made under

argon at different operating temperatures for 4 hours.

Operating temperature (°C) Average crystallite size (nm)
300 2.19
350 2.80
450 2.82
600 3.44
700 4.32

The crystallite sizes determined from XRD correspond to those seen in the TEM analysis. The trend
of increasing size with increasing temperature is also observed here. This confirms that the TEM
pictures are representative for the catalyst and it is unlikely that large agglomerates exist in the

material. The lattice constant and ruthenium atomic fraction in Pt-Ru, calculated using the d-spacing

of (111) and (220) peaks, is reported in Table 5-27.
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Table 5-27: Average lattice constant and Ru alloyed calculated using peaks (111) and (220) of XRD

for catalysts made under argon at different operating temperatures for 4 hours.

Operating temperature (°C) Average lattice constant Average Ru atomic fraction in
Pt-Ru (%)
300 3.938 5.56
350 3.914 25.3
450 3.898 38.0
600 3.887 47.1
700 3.878 53.6

It can be seen from Table 5-27 that average lattice constant decreases with increasing operating
temperature, causing a significant increase in ruthenium fraction included in the platinum lattice as
seen in literature (Antolini & Cardellini, 2001). Antolini & Cardellini (2001) concluded the interaction
of Ru with the carbon support hinders the formation of an alloy with Pt in the absence of thermal
treatment. When thermally untreated Ru exists as an amorphous structure and when taken to
higher temperatures the Ru alloyed to form Pt-Ru. High temperatures could lead to sintering of the
particles and therefore encourage further alloying of the Pt-Ru particles, thus increasing the

ruthenium fraction in the Pt-Ru particles and decrease in lattice spacing.

5.7.4. Cyclic Voltammetry

Cyclic voltammograms were used to characterize the Pt-Ru catalysts by analysing the changes in
shape and pseudo-capacitance between catalysts. The cyclic voltammograms for the catalysts
prepared at 300 °C and 700 °C are shown in Figures 5-18 and 5-19 respectively, where the first and
50™ cycles are shown. The cyclic voltammograms for the catalysts produced at other temperatures
are shown in the Appendix. Figure 5-20 compares the first cycles of the catalysts produced at

different temperatures, corrected for metal loading and the maximum height.
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Figure 5-18: First and 50" cyclic voltammetry curves for the catalyst produced under an argon

atmosphere at 300 °C for 4 hours.
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Figure 5-19: First and 50" cyclic voltammetry curves for the catalyst produced under an argon

atmosphere at 700 °C for 4 hours.

Figures 5-18 and 5-19 show the vast difference in catalyst composition between the catalysts

produced at 300 °C and 700 °C. The cyclic voltammogram of the catalyst prepared at 300 °C has a

more featureless curve and a large pseudo-capacitance, indicating a high ruthenium oxide content

(Sato et al., 2000). The catalyst produced at 700 °C has defining platinum features and a small

pseudo-capacitance, indicating a lower ruthenium oxide content. In addition, the 1* and 50" cycle of

the catalyst produced at 300 °C shows some content has been reduced to a non-reducible state
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whilst the catalyst produced at 700 °C does not show much change between the 1* and 50" cycle
indicating the ruthenium is already in a non-reducible ruthenium oxide or ruthenium metal state

(Maillard et al., 2002).
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Figure 5-20: First cyclic voltammograms for the catalysts produced under an argon atmosphere at

different temperatures for 4 hours.

Figure 5-20 allows for a better comparison between the catalysts, it is once again seen that the
catalyst produced at 300 °C demonstrates a more featureless curve with a large pseudo-capacitance
while the catalyst produced at 700 °C has a smaller pseudo-capacitance. Figure 5-20 gives a strong
indication that catalysts produced at high temperatures contain less ruthenium oxides on the
surface while catalysts produced at low temperatures contain a high ruthenium oxide content, with

the highest ruthenium oxide content being the catalyst produced at 350 °C.

5.7.5. CO Stripping Voltammetry
ECSA of the catalysts prepared at different operating times were determined using CO stripping

voltammetry and the results are shown in Table 5-28.

Table 5-28: ECSA and expected ECSA of catalysts made under argon at different operating

temperatures for 4 hours.

Operating temperature  Expected ECSA (m?/g)  Expected ECSA (m?/g) ECSA (m?/g)
(°C) for Pt-Ru for Pt-RuO,
300 177 230 218
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350 138 180 175
450 137 179 175
600 112 146 103
700 89 117 75.7

As expected, the ECSA of the catalysts is inversely proportional to the particle size since an increase
in particle size reduces the surface to volume ratio of the prepared catalyst. The expected ECSA is
based on the surface area calculated from particle size, therefore it is foreseeable the actual ECSA
will be slightly smaller than the predicted ECSA. In addition, since the expected ECSA is based on an
amorphous ruthenium oxide structure, deviation from the expected ECSA of Pt-RuO, increases as
less ruthenium oxide exists in the structure and a Pt-Ru alloy is formed. The ECSA for the catalysts
prepared at high temperatures follows the estimated ECSA of Pt-Ru structure, as confirmed in

literature (Antolini & Cardellini, 2001) and by the cyclic voltammograms in section 5.7.4.

The CO stripping onset potential, current at 0.5 V vs. SHE normalized for total metal mass and finally

intrinsic current at 0.5 V vs. SHE is illustrated in the Table 5-29.

Table 5-29: Electrochemical results for CO oxidation on catalysts made under argon at different

operating temperatures for 4 hours.

Operating temperature (°C) Onset potential Current at Current at

(V vs. SHE) 0.5V vs. SHE (A/gmeta) 0.5 V vs. SHE (mA/cm?)

300 0.417 23.3 1.4
350 0.411 33.6 2.3
450 0.430 20.5 1.6
600 0.450 11.2 1.3
700 0.455 10.8 1.7

The optimum catalyst preparation operating temperature in this series for CO tolerance was found
to be 350 °C since the catalyst prepared at this temperature has the lowest onset potential and
highest current per active surface area at 0.5 V vs. SHE (mA/cm?). The CO oxidation onset potential is
influenced by morphology of the catalyst, as this is a vital component in the activity of the catalyst
for CO oxidation. Effects such as ruthenium oxides, degree of alloying, particle size and morphology
play a large role in activity, although not well understood in literature. As temperature is increased

the particle size increases and ruthenium oxide content decreased, therefore the crystalline
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structure changes which translates into different active sites for CO oxidation. As ruthenium oxides
decrease (Antolini & Cardellini, 2001) the CO tolerance decreases as described in literature (Over &
Mubhler, 2003) The increase in CO oxidation onset potential is also partly due to the increasing
ruthenium content in the Pt-Ru structure and decrease in ruthenium oxide content with an optimum
degree of alloying in this series at 350 °C as well as temperature effects on the morphology of the

catalyst.

5.7.6. Methanol Oxidation

Electrochemical characterisation tests for methanol oxidation activity were performed and the onset
potential, current at 0.5 V vs. SHE normalized for total metal mass and finally intrinsic current at 0.5
V vs. SHE is reported. These results are shown in Table 5-30 and the methanol oxidation

voltammogram for each catalyst is shown in Figure 5-21.

Table 5-30: Electrochemical results for methanol oxidation on catalysts made under argon at

different operating temperatures for 4 hours.

Operating temperature (°C) Onset Potential Current at Current at

(V vs. SHE) 0.5V vs. SHE (A/8meta) 0.5 V vs. SHE (mA/cm?)

300 0.282 82.0 4.9
350 0.278 95.0 6.6
450 0.303 59.8 4.6
600 0.329 30.9 3.6
700 0.343 41.5 6.4
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Figure 5-21: Electrochemical graphs for methanol oxidation onset potential on catalysts prepared

under argon at different operating temperatures for 4 hours.
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Correspondingly to the CO tolerance in section 5.7.5, the operating temperature with the best
results according to onset potential for methanol oxidation is 350 °C. Once again, this is most
probably due to morphology and ruthenium oxide changes as the temperature of the reactor
increases. In addition, the particle size increased as temperature is increased, therefore the
crystalline structure changes to contain fewer corners and kinks, and this translates into different
active sites for methanol oxidation. Methanol oxidation has been shown to take place preferably on
rough surfaces (Hoster et al. 2001) this type of surface could be produced at low temperatures
rather than high temperatures. This trend can also be seen in the specific current, where the highest
current i.e. the most active surface was observed for 350 °C. In addition, the increasing onset
potential could be due to the increasing ruthenium content in the Pt-Ru structure, with an optimum
degree of alloying in this series at 350 °C as well as temperature effects on the morphology of the

catalyst.

5.7.7. Chronoamperometry
Chronoamperometry experiments were carried out on the catalysts prepared with varying operating
temperatures. The current after 30 minutes normalised for total metal mass and the percentage

drop from 30 seconds to 30 minutes is reported in Table 5-31.

Table 5-31: Electrochemical results for chronoamperometry on catalysts made under argon at

different operating temperatures for 4 hours.

Operating temperature (°C) Current at 30 minutes (A/gmeta) Drop in current (%)
300 339 46.2
350 37.8 42.2
450 23.2 48.8
600 10.8 53.4
700 15.1 56.3

The chronoamperometry experiment follows the same trend as the methanol oxidation experiment,
showing the consistence of these results. It is important to note the decrease in catalyst stability as
operating temperature increases. The increased temperature must therefore produce a catalyst

morphology which is less stable than catalysts produced at lower temperatures.

5.7.8. Summary of Temperature Influence
Preparation temperature plays a significant role in the prepared catalyst’s morphology, particle size,

stability and activity for CO and methanol oxidation.
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As the preparation temperature increases, the particle size significantly increases causing the ECSA
of the catalysts to pointedly decrease. This decrease in active surface area as temperature increases
is due to the decrease in ruthenium oxides on the surface which translates into a decrease in
activity for both CO and methanol oxidation as seen in CO stripping, methanol oxidation cyclic
voltammograms and chronoamperometry results. In addition, an increase in preparation
temperature translates into an increase in degree of alloying, as seen in Table 5-27. This increase in
alloying does not translate into an increase in activity, indicating inverse proportionality. This result
is both agreed with and contested by various researchers as seen in section 2.3.2.2 and section 2.3.3
This increase in ruthenium content in the platinum structure could be due to the sintering of

particles, therefore additional mixing occurs of both metals in the structure.

Taking these factors and section 5.6 into consideration, the operating atmosphere of argon and
temperature of 350 °C was identified as the optimum atmosphere and temperature respectively for
this study in the range tested and these conditions are used in the subsequent sections of the

project.
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5.8. Operating Time Influence

The findings in section 5.7 where carried through the project, therefore the Pt-Ru catalysts produced
hereinafter are produced at a temperature of 350 °C. Pt-Ru/C catalysts in this section were produced
under argon at a temperature of 350 °C, with different operating times ranging from 30 minutes to 8
hours. 50 wt% total metal loading, and a Pt:Ru molar ratio of 50:50 were targeted. Physical and
electrochemical characterisations of these catalysts are detailed below, followed by a summary in

section 5.8.8.

5.8.1. TEM and EDX
TEM images for the catalysts prepared at a temperature of 350 °C for different operating times is

illustrated below:

Figure 5-22: TEM images at 20 nm resolution of Pt-Ru/C catalysts produced at 350 °C under argon

for a) 30 minutes b) 1 hour c) 2 hours d) 4 hours e) 6 hours and f) 8 hours.
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Table 5-32: Average particle size from TEM imaging of catalysts made under argon at 350 °C at

different operating times.

Operating time Average particle size (nm)
30 minutes 2.60
1 hour 2.29
2 hours 2.33
4 hours 3.01
6 hours 2.54
8 hours 2.58
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Figure 5-23: Particle size distribution graph of particles measured from TEM images of catalysts

made under argon at 350 °C at different operating times.

The TEM images show well dispersed particles and similar, small catalyst particles across all reactor
operating times. The average particle sizes measured from TEM are shown in Table 5-32, followed by
a particle size distribution graph in Figure 5-23. The particle size distribution, in accordance with
particle size, is comparable across the catalysts, as no noticeable trend is observed. This suggests

that in terms of particle size, temperature is a more dominant factor as opposed to operating time.

EDX analysis of Pt and Ru in total metal of the different operating time prepared catalysts are
compared to expected results in the Table 5-33. The measured EDX values are within a reasonable

range of the expected metal percentages.
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Table 5-33: Expected Pt and Ru mol% in total metal compared to EDX analysis results of catalysts

made under argon at 350 °C at different operating times.

Operating time Expected (mol%) EDX result (mol%)
Pt Ru Pt Ru
30 minutes 50.0 50.0 52.0 48.0
1 hour 50.0 50.0 50.3 49.7
2 hours 50.0 50.0 48.4 51.6
4 hours 50.0 50.0 53.6 46.4
6 hours 50.0 50.0 52.6 46.4
8 hours 50.0 50.0 53.2 46.8
5.8.2. TGA

The TGA characterisation was used to determine the total metal loading of each catalyst. The table
below details the expected versus TGA results on total metal loading. These results are in a sensible

range to the expected metal loading.

Table 5-34: Expected and TGA total metal loading of catalysts made under argon at 350 °C at

different operating times.

Operating time Expected metal loading (wt%) TGA metal loading (wt%)
30 minutes 50.0 52.7
1 hour 50.0 47.0
2 hours 50.0 48.6
4 hours 50.0 49.5
6 hours 50.0 50.3
8 hours 50.0 52.0
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5.8.3. XRD
XRD analysis was carried out on the different operating time prepared catalysts and the diffraction

pattern is illustrated in Figure 5-24:
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Figure 5-24: XRD graphs of Pt-Ru/C catalysts produced at 350 °C for under argon for a) 30 minutes

b) 1 hour c) 2 hours d) 4 hours e) 6 hours and f) 8 hours.

Crystallite size was calculated using diffraction peaks (111) and (220). The results are shown in Table
5-35. The crystallite sizes determined from XRD graphs are similar and show the same trend to the

TEM particle sizes measured.

Table 5-35: Average crystallite size calculated using peaks (111) and (220) of XRD for catalysts made

under argon at 350 °C at different operating times.

Operating time Average crystallite size (nm)
30 minutes 2.24
1 hour 2.18
2 hours 2.66
4 hours 2.80
6 hours 231
8 hours 2.51
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The lattice constant and Ru alloyed, calculated using the d-spacing of (111) and (220) peaks, is

reported below:

Table 5-36: Average Lattice constant and Ru alloyed calculated using peaks (111) and (220) of XRD

for catalysts made under argon at 350 °C at different operating times.

Operating Time Average lattice constant Average Ru atomic fraction in Pt-Ru (%)
30 minutes 3.922 18.7
1 hour 3.923 17.6
2 hours 3.925 16.5
4 hours 3.914 25.3
6 hours 3.924 16.6
8 hours 3.910 27.9

The ruthenium atomic fraction in the platinum structure does not have a significant trend versus the
operating time. This shows the operating time does not particularly influence the alloying of the
catalyst as significantly as operating temperature. Figure 5-24 shows the crystallite structure remains
unchanged throughout varying operating times, suggesting the ruthenium content is constant over

the different operating times.

5.8.4. Cyclic Voltammetry

Cyclic voltammograms were used to characterize the Pt-Ru catalysts by analysing the changes in
shape and pseudo-capacitance between catalysts. The cyclic voltammograms for the catalysts
prepared with an operating time of 30 minutes and 8 hours are shown in Figures 5-25 and 5-26
respectively, where the first and 50" cycles are shown. The cyclic voltammograms for the catalysts
produced under different operating times are shown in the Appendix. Figure 5-27 compares the first
cycles of the catalysts produced with different operating times, corrected for metal loading and the

maximum height.
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Figure 5-25: First and 50" cyclic voltammetry curves for the catalyst produced under an argon

atmosphere at 350 °C for 30 minutes.
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Figure 5-26: First and 50" cyclic voltammetry curves for the catalyst produced under an argon

atmosphere at 350 °C for 8 hours.

Figures 5-25 and 5-26 and show large pseudo-capacitance along the potential range and featureless

curves, this indicates a high ruthenium oxide content, as shown in literature (Sato et al., 2000)

(Zheng et al., 1995). The difference between the 1% and 50™ cycle, for both catalysts, can be

attributed to ruthenium oxide species reduction to non-reducible ruthenium oxides (Maillard et al.,

2002) thus a decrease in pseudo-capacitance is seen.
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Figure 5-27: First cyclic voltammograms for the catalysts produced under an argon atmosphere at

350 °C for different operating times.

The cyclic voltammetry curves shown in Figure 5-27 are mirror like and featureless with large
pseudo-capacitance, indicating a high ruthenium oxide content. The catalyst prepared with a 30
minute operating time has a larger pseudo-capacitance than the catalyst produced with a 8 hour
operating time, indicating a larger ruthenium oxide content in the catalyst produced with an
operating time of 30 minutes. This shows the operating time effect on the ruthenium oxide content
on the surface, as longer operating times decreases the ruthenium oxide content. However, the
intermediate operating times do not show a significant trend and the operating time effect on
ruthenium oxide content does not affect the ruthenium oxide content to the same degree as

operating temperature.

5.8.5. CO Stripping Voltammetry
ECSA of the catalysts prepared at different operating times were determined using CO stripping

voltammetry and the results are shown in Table 5-37.

Table 5-37: ECSA and expected ECSA of catalysts made under argon at 350 °C at different operating

times.
Operating time Expected ECSA (m?/g)  Expected ECSA (m?/g) ECSA (m?/g)
for Pt-Ru for Pt-RuO,
30 minutes 173 225 270
1 hour 177 231 222
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2 hours 145 189 225
4 hours 138 180 175
6 hours 167 218 195
8 hours 154 201 146

Table 5-37 clearly shows the ECSA trend, as the reactor operating time increases the ECSA of the
catalyst decreases. This trend is not due to particle size, as particle size and surface area don’t differ
much, but rather a change from Pt-RuO, to Pt-Ru as seen from the expected ECSA. At short
operating times the actual ECSA closely resembles that of the expected ECSA for Pt-RuO, whilst the
longer operating times actual ECSA more closely resembles the expected ECSA for Pt-Ru. This shows
that increased time in the reactor at a high temperature reduces the ruthenium oxides on the

surface.

The CO stripping onset potential, current at 0.5 V vs. SHE normalized for total metal mass and finally

intrinsic current at 0.5 V vs. SHE is illustrated below:

Table 5-38: Electrochemical results for CO oxidation on catalysts made under argon at 350 °C at

different operating times.

Operating time Onset potential Current at Current at
(V vs. SHE) 0.5V vs. SHE (A/gmeta) 0.5 V vs. SHE (mA/cm?)
30 minutes 0.386 44.8 2.1
1 hour 0.406 47.1 2.8
2 hours 0.398 52.6 3.2
4 hours 0.411 33.6 2.3
6 hours 0.404 46.7 3.0
8 hours 0.420 57.1 4.8

Table 5-38 shows the CO oxidation onset potential increases and activity towards CO oxidation
decreases as the reactor operating time increases. This decrease in activity is most probably due to a
decrease in ruthenium oxide content, since ruthenium oxides assist in CO oxidation (Over & Muhler,

2003).

5.8.6. Methanol Oxidation
Electrochemical characterisation tests for methanol oxidation activity were performed and the onset

potential, current at 0.5 V vs. SHE normalized for total metal mass and finally intrinsic current at 0.5
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V vs. SHE is reported. Figure 5-28 is the methanol oxidation voltammogram isolating the onset

potential range.

Table 5-39: Electrochemical results for methanol oxidation on catalysts made under argon at 350 °C

at different operating times.

Operating time Onset potential Current at Current at
(V vs. SHE) 0.5 V vs. SHE (A/gmetal) 0.5 V vs. SHE (mA/cmz)
30 minutes 0.267 121 5.6
1 hour 0.280 106 6.2
2 hours 0.282 98.5 5.9
4 hours 0.278 95.0 6.6
6 hours 0.281 91.5 5.8
8 hours 0.292 81.6 6.8
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Figure 5-28: Electrochemical graphs for methanol oxidation onset potential on catalysts prepared

under argon at 350 °C at different operating times.

Correspondingly to the CO tolerance trend found in section 5.8.5., methanol oxidation onset
potential increases as operating time increases and the methanol oxidation onset potential and can
be explained by a decrease in ruthenium oxide content as operating time increases. Bock et al.
(2005) found that ruthenium oxides are vital in increasing the activity for methanol oxidation. The
most active catalyst in the range tested for methanol oxidation is found to be the catalyst prepared

at 350 °C for 30 minutes. Comparing the current at 0.5 V vs. SHE (A/gmetal) to the current at 0.5 V vs.
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SHE (uA/mZ) it can be seen that there is an increase in activity at short operating times, further
confirming the best catalyst within the range tested for CO tolerance is the catalyst with an

operating time of 30 minutes.

5.8.7. Chronoamperometry
Chronoamperometry experiments were carried out on the catalysts prepared with varying operating
times. The current after 30 minutes normalised for total metal mass and the percentage drop from

30 seconds to 30 minutes is reported in Table 5-40.

Table 5-40: Electrochemical results for chronoamperometry on catalysts made under argon at 350 °C

at different operating times.

Operating time Current at 30 minutes (A/gmeta) Drop in current (%)
30 minutes 66.9 37.9
1 hour 56.9 38.1
2 hours 53.8 35.2
4 hours 37.8 45.4
6 hours 46.2 39.1
8 hours 425 40.3

The final chronoamperometry current decreases as the reactor time increases. These results of the
chronoamperometry are in line with methanol oxidation results, however the percentage drop in
current does not seem to be influenced by operating temperature. These results show there could
be a link between physical characterisations such as degree of alloying or particle size in the stability

of the catalyst.

5.8.8. Summary of Time Influence

The reactor operating time plays an important role in catalyst activity since the ECSA is significantly
influenced by this factor. As the time the precursors and catalyst spend in the reactor is increased
the ECSA of the catalysts decreases, therefore decreasing the current at 0.5 V vs. SHE for CO and

methanol oxidation.

The reactor operating time did not significantly affect the degree of alloying in the catalysts or the
particle size of the catalysts. However, the electrochemical activities of the catalysts were affected
by operating time and these could be explained by the decrease in ruthenium oxide content as
operating time is increased. Short operating times had increased activity for methanol and CO

oxidation which lead to the shortest time of 30 minutes as the best performing catalyst in this range.
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5.9. Pt:Ru Ratio Influence

The findings in previous sections where carried through the project, therefore the Pt-Ru catalysts
produced hereinafter are produced under argon at a temperature of 350 °C for a period of 30
minutes. Pt-Ru/C catalysts produced in this section have a 50 wt% total metal loading, with Pt:Ru
molar ratio’s ranging from 40:60 — 90:10. Physical and electrochemical characterisations of these

catalysts are detailed below, followed by a summary in section 5.9.8.

5.9.1. TEM and EDX

TEM images for the catalysts prepared at a temperature of 350 °C for differing Pt:Ru ratios is
illustrated in Figure 5-29. The TEM images show well dispersed particles across all catalyst Pt- Ru
ratios, however as the platinum percentage in the metal increases a visible increase in catalyst
particle size of observed. The average particle sizes measured from TEM are shown in Table 5-41,
followed by a particle size distribution graph in Figure 5-30. The particle size distribution, in
accordance with particle size shows a shift to larger particle sizes as platinum percentage in the

metal increases.

Figure 5-29: TEM images at 20 nm resolution of Pt-Ru/C catalysts produced at 350 °C for 30 minutes
under argon with Pt:Ru ratios of a) 40:60 b) 50:50 c) 60:40 d) 75:25 e) 80:20 f) 90:10.
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Table 5-41: Average particle size from TEM imaging of catalysts made under argon at 350 °C for 30

minutes with different Pt:Ru ratios.

Pt in total metal (%) Average particle size (nm)
40 1.78
50 2.60
60 2.64
75 2.70
80 2.65
20 2.80

The increase in particle size is predominantly due the sizes of the metals included. Platinum is a
larger atom (1.39 A) and therefore has a larger particle size in a cluster, however ruthenium is a

much smaller atom (1.34 A) and when included into the platinum cluster the particle size is

decreased.
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Figure 5-30: Particle size distribution graph of particles measured from TEM imaging of catalysts

made under argon at 350 °C for 30 minutes with differing Pt % in total metal loading.

The particle size distribution graph is a good representation of the particle size range for each

catalyst. It is noticeable that the particles with high ruthenium content have particle sizes in the
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lower range, while catalysts with a low ruthenium content have catalyst particle sizes in the higher

range. This is as expected as platinum atoms are larger.

EDX analysis of Pt and Ru in total metal of different ratio prepared catalysts is compared to expected
results in the table below. The EDX values calculated are within an acceptable range of the expected

metal percentages.

Table 5-42: Expected Pt and Ru mol% in total metal compared to EDX analysis results of catalysts

made under argon at 350 °C for 30 minutes with different Pt:Ru ratios.

Pt in total metal (%) Expected (mol%) EDX result (mol%)
Pt Ru Pt Ru
40 40 60 42.4 57.6
50 50 50 52.0 48.0
60 60 40 60.3 39.7
75 75 25 76.8 23.2
80 80 20 81.6 18.4
90 90 10 90.2 9.85
5.9.2. TGA

The TGA characterisation was used to determine the total metal loading of each catalyst. The table
below details the expected versus TGA results on total metal loading. These results are in a sensible

range to the expected metal loading.

Table 5-43: Expected and TGA total metal loading of catalysts made under argon at 350 °C for 30

minutes with differing Pt:Ru ratios.

Pt in total metal (%) Expected metal loading (wt%) TGA metal loading (wt%)
40 50.0 51.3
50 50.0 52.7
60 50.0 51.8
75 50.0 53.1
80 50.0 53.7
90 50.0 49.6
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5.9.3. XRD

XRD analysis was carried out on the different ratio prepared catalysts and the diffraction pattern is

illustrated in Figure 5-31:
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Figure 5-31: XRD graphs of Pt-Ru/C catalysts produced at 350 °C for 30 minutes under argon with
Pt:Ru ratios of a) 40:60 b) 50:50 c) 60:40 d) 75:25 e) 80:20 f) 90:10.

Diffraction peaks (111) and (220) were used to determine the crystallite size of each prepared

catalyst, the results are shown in Table 5-44.

Table 5-44: Average crystallite size calculated using peaks (111) and (220) of XRD for catalysts made

under argon at 350 °C for 30 minutes with differing Pt:Ru ratios.

Pt in total metal (%) Average crystallite size (nm)
40 2.09
50 2.24
60 2.42
75 2.80
80 2.98
20 3.15
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The average catalyst crystallite sizes calculated from XRD peaks are in accordance with TEM

measured particles and follow the same trend as found in TEM images.

As expected, the catalyst with the higher platinum content shows typical platinum diffraction
pattern. As ruthenium content increases the pattern changes to have less defined peaks and a more
amorphous structure. The Lattice constant, calculated using the d-spacing of (111) and (220) peaks,

is reported in Table 5-45.

Table 5-45: Average lattice constant and Ru atomic fraction alloyed calculated using peaks (111) and

(220) of XRD for catalysts made under argon at 350 °C for 30 minutes with differing Pt:Ru ratios.

Pt in total metal (%) Average lattice constant Average Ru atomic fraction in Pt-Ru (%)
40 3.919 21.4
50 3.922 18.7
60 3.924 17.1
75 3.926 15.6
80 3.927 15.1
90 3.930 12.5

The ruthenium atomic fraction in Pt-Ru decreases as the platinum percentage in the total metal
increases. In accordance, the average lattice constant decreases as the ruthenium percentage in the
metal increases. This is due to the small ruthenium particle size effect on decreasing the total

particle size when included into the structure.

5.9.4. Cyclic Voltammetry

Cyclic voltammograms were used to characterize the Pt-Ru catalysts by analysing the changes in
shape and pseudo-capacitance between catalysts. The cyclic voltammograms for the catalysts
prepared with Pt:Ru ratios of 40:60 and 90:10 are shown in Figures 5-32- and 5-33 respectively,
where the first and 50" cycles are shown. The cyclic voltammograms for the intermediate catalysts
produced are shown in the Appendix. Figure 5-34 compares the first cycles of the catalysts produced

with different Pt:Ru ratios, corrected for metal loading and the maximum height.
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Figure 5-32: First and 50™ cyclic voltammetry curves for the catalyst with a Pt:Ru ratio of 40:60

produced under an argon atmosphere at 350 °C for 30minutes.
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Figure 5-33: First and 50" cyclic voltammetry curves for the catalyst with a Pt:Ru ratio of 90:10
produced under an argon atmosphere at 350 °C for 30minutes.

Figures 5-32 and 5-33 show the difference in catalyst composition between the catalysts with a Pt:Ru
ratio of 40:60 and 90:10 The cyclic voltammogram of the 40:60 ratio catalyst has a more featureless

cyclic voltammogram and a large pseudo-capacitance, indicating a high ruthenium oxide content
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(Sato et al., 2000). The 90:10 ratio catalyst has defining platinum features and a small pseudo-

capacitance, indicating a lower ruthenium oxide content.
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Figure 5-34: First cyclic voltammograms for the catalysts with different Pt:Ru ratios produced under

an argon atmosphere at 350 °C for 30 minutes.

Figure 5-34 allows for a better comparison between the different Pt:Ru ratio catalysts, it is once
again seen that the 40:60 ratio catalyst demonstrates a more featureless curve with a large pseudo-
capacitance while the 90:10 ratio catalyst has a smaller pseudo-capacitance. This is an indication of

the trend, as the platinum content increases the ruthenium oxide content in the catalyst decreases.

5.9.5. CO Stripping Voltammetry
ECSA of the catalysts prepared with different Pt:Ru ratios were determined using CO stripping

voltammetry and the results are shown in Table 5-46.

Table 5-46: ECSA and expected ECSA of catalysts made under argon at 350 °C for 30 minutes with

differing Pt:Ru ratios.

Pt in total metal (%) Expected ECSA (m?/g)  Expected ECSA (m?/g) ECSA (m?/g)
for Pt-Ru for Pt-RuO,
40 194 269 267
50 173 225 270
60 151 186 158
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75 120 136 88.7
80 109 120 69.1
90 95.9 101 59.4

The expected ECSA for Pt-RuO, deviation from actual ECSA increases since the assumption of
ruthenium existing as ruthenium oxide no longer holds true. However, the actual ECSA also remains
to be much lower than expected for Pt-Ru. This result cannot be explained with the current physical

characterisation and could be attributed to the morphology of the platinum structure.

The ECSA of the prepared catalysts decreases as the platinum in the total metal increases,

predominantly due to the increase in catalyst particle size as platinum in total metal increases.

The CO stripping onset potential, current at 0.5 V vs. SHE normalized for total metal mass and finally

intrinsic current at 0.5 V vs. SHE is illustrated in the Table 5-47.

Table 5-47: Electrochemical results for CO oxidation on catalysts made under argon at 350 °C for 30

minutes with differing Pt:Ru ratios.

Pt in total metal (%) Onset Potential Current at Current at

(V vs. SHE) 0.5V vs. SHE (A/gmeta) 0.5 V vs. SHE (mA/cm?)

40 0.392 44.0 2.5
50 0.386 44.8 2.1
60 0.449 16.0 11
75 0.470 5.55 0.5
80 0.460 6.67 0.8
90 0.476 4.16 0.5

Table 5-47 shows the ideal Pt:Ru ratio for CO oxidation to be 50:50 as this has the lowest CO
oxidation onset potential as well as the highest current at 0.5 V vs. SHE (A/gmeta). This is in
accordance with previous studies as shown in section 2.3.3 as the ratio plays a role in the
bifunctional mechanism and this is the optimum ratio for the rate determining step (Gasteiger et al.,

1994a):

Ru—OH+Pt—CO->Pt+Ru +CO,+H" +e”
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5.9.6. Methanol Oxidation

Electrochemical characterisation tests for methanol oxidation activity were performed and the onset
potential, current at 0.5 V vs. SHE normalized for total metal mass and finally intrinsic current at 0.5
V vs. SHE is reported. These results are shown in Table 5-48 and Figure 5-35 shows the

electrochemical graphs with emphasis on the onset potential.

Table 5-48: Electrochemical results for methanol oxidation on catalysts made under argon at 350 °C

for 30 minutes with differing Pt:Ru ratios.

Pt in total metal (%) Onset Potential Current at Current at
(V vs. SHE) 0.5V vs. SHE (A/gmetat) 0.5 V vs. SHE (mA/cm?)
40 0.268 77.7 4.5
50 0.267 121 5.6
60 0.269 123 8.5
75 0.268 113 10.8
80 0.297 49.8 5.8
20 0.347 38.1 4.6
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Figure 5-35: Electrochemical graphs for methanol oxidation onset potential on catalysts prepared

under argon at 350 °C for 30 minutes with differing Pt:Ru ratios.

An interesting result is the methanol oxidation onset potential between Pt:Ru ratios 40:60, 50:50,
60:40 and 75:25 as these are nearly identical. The second indication of activity for methanol
oxidation is the current at 0.5 V vs. SHE (A/gmetal), Since this is of importance in an operating fuel cell.

Thus, the catalysts with a Pt:Ru ratios of 60:40 and 50:50 are seen to be the most active catalysts in
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the given range for methanol oxidation. As shown in section 2.3.2.2, the literature on optimum Pt:Ru
ratio varies for different researchers since catalyst preparation (Zhang, 2008) and electrochemical
testing conditions play a significant role in optimum ratio (Lizcano-Valbuena et al., 2002). It is
however, expected that catalysts with a high ruthenium oxide content would perform better for
methanol oxidation than catalysts with less ruthenium oxide as shown in literature (Lasch et al.,
2003). The degree of alloying itself can play a significant role, although contested between

researchers.

5.9.7. Chronoamperometry

Chronoamperometry experiments were carried out on the catalysts prepared with varying Pt:Ru
ratio. The current after 30 minutes normalised for total metal mass and the percentage drop from
30 seconds to 30 minutes is reported in Table 5-49. These experiments share insight into methanol

oxidation activity.

Table 5-49: Electrochemical results for methanol oxidation chronoamperometry on catalysts made

under argon at 350 °C for 30 minutes with differing Pt:Ru ratios.

Pt in total metal (%) Current at 30 minutes (A/gmetal) Drop in current (%)
40 35.2 43.4
50 66.9 37.9
60 70.4 42.7
75 59.8 49.1
80 21.9 57.9
20 13.7 62.5

Table 5-49 clearly shows the highest current for methanol oxidation under chronoamperometry
experimental settings is found to be catalysts with ratios of 50:50 and 60:40. The stability of the
catalysts tends to decrease as the platinum percentage increases, as seen in literature this is due to
the reduced alloying of Ru within the platinum structure. Liu & Zhang (2009) found alloyed
ruthenium to be more stable in the presence of methanol than unalloyed ruthenium. The
chronoamperometry results shown above confirm the findings in section 5.9.6., showing a Pt:Ru
ratio of either 50:50 or 60:40 to be the optimum ratio in this range for methanol oxidation.
Chronoamperometry adds information on stability which allows the best performing catalyst in this
range to be narrowed down. The Pt:Ru ratio of 50:50 is the most stable catalyst and therefore it can

be concluded that the 50:50 ratio is the best catalyst in this experimental range.
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5.9.8. Summary of Metal Ratio Influence

The Pt:Ru metal ratio has an influence on catalyst particle size due to the incorporation of a smaller
ruthenium atom into the larger platinum structure. Thus, the catalyst particle size decreases as the
ruthenium percentage increases. This decrease in catalyst particle size as ruthenium percentage
increases translates into an increase in ECSA as particle size decreases due to the increase in surface

to volume ratio and ruthenium oxide species.

Analysis of the XRD curves shows that the degree of alloying is proportional to the catalyst Pt:Ru
ratio. However, the gradient is gradual and the ruthenium atomic fraction ranges from 12.5 - 21.4
across the platinum percentages in the metal. The cyclic voltammograms and expected ECSA
suggests a high ruthenium oxide content in the lower platinum ratios and less ruthenium oxide in

the higher platinum ratios by a more crystalline pattern.

A Pt:Ru ratio of 50:50 was the most active catalyst for CO oxidation, as seen from the CO stripping
voltammetry data and this ratio is confirmed by researchers such as Gasteiger et al. (1995), Giorgi et
al. (2001) and Lin et al. (1999). The CO oxidation data demonstrates that CO tolerance of a catalyst is
highly sensitive to Pt:Ru ratio. From the methanol oxidation data it can be seen that onset potential
for methanol oxidation is not highly dependent on Pt:Ru ratio, as values for the ratios 40:60, 50:50,
60:40 and 75:25 are nearly identical despite slightly changing degree of alloying. Further analysis of
the catalysts with varying Pt:Ru ratios found the 50:50 catalyst to be more stable in the presence of
methanol than the other ratios and thus this catalyst is determined to be the best performing
catalyst in the given parameters. This result is also in accordance with some literature (Arico et al.

2009), although this is a contested ratio as seen in section 2.3.2.2.
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5.10. Prepared Catalyst and Commercial Catalysts

This section serves to compare the best performing prepared catalyst with the commercial catalysts

described in section 5.1. The tables below detail the results on two commercial Pt-Ru/C catalysts and

the best performing prepared catalyst using CO stripping voltammetry, methanol oxidation and

chronoamperometry experiments. Commercial catalyst 1 is a 60 wt% Pt-Ru/C (Pt:Ru, 1:1) catalyst

and commercial catalyst 2 is a 54 wt% Pt-Ru/C (Pt:Ru, 1:1.5) catalyst. The prepared catalyst with the

best performance is the 50 wt% Pt-Ru/C catalyst produced under argon at 350 °C for an operating

time of 30 minutes and a Pt:Ru ratio of 50:50.
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Figure 5-36: First sweep of CO stripping voltammograms of commercial catalysts and prepared

catalyst.

Table 5-50: ECSA of commercial catalysts and prepared

voltammetry.

catalyst measured using CO stripping

Commercial catalyst wt% Metal ECSA (m?/g)
Commercial 1 60 40.3
Commercial 2 54 105

Prepared 52.7 270

The ECSA of the prepared catalyst is significantly larger than that of the commercial catalysts, this is

predominantly due to the existence of a high content of ruthenium oxide on the surface of the

prepared catalyst.
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Table 5-51: Electrochemical results for CO oxidation on commercial and prepared catalysts.

Commercial catalyst Onset Potential Current at Current at
(V vs. SHE) 0.5V vs. SHE (A/gmeta) 0.5 V vs. SHE (mA/cm?)
Commercial 1 0.454 35.4 8.6
Commercial 2 0.398 77.8 8.6
Prepared 0.386 44.8 2.1
500

400

/]
300 //
200 // A
100 / A —— Commercial 2

/ —— Prepared
0 -

'100 T T T T T T 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
E vs. SHE

Commercial 1

Current (A/gp,)

Figure 5-37: Methanol oxidation cyclic voltammograms of commercial catalysts and prepared

catalysts.

In accordance with literature described in previous sections, the CO tolerance of a catalyst with a
high ruthenium oxide content is higher than that of a catalyst with less ruthenium oxide. This counts
for the lower onset potential for the prepared catalyst vs. the commercial catalysts. The currents at
0.5 V vs. SHE for the commercial catalysts are higher than that of the prepared catalyst because the
peak height is smaller and thus shifted to the left, while the prepared catalyst peak height is large
and stretched across a wider plane.

Table 5-52: Electrochemical results for methanol oxidation on commercial catalysts.

Commercial catalyst Onset Potential Current at Current at
(V vs. SHE) 0.5V vs. SHE (A/gmeta) 0.5 V vs. SHE (mA/cm?)
Commercial 1 0.328 31.2 7.6
Commercial 2 0.328 46.8 5.2
Prepared 0.267 121 5.6
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Following from CO tolerance data, methanol oxidation onset potential for the prepared catalyst is
lower than the commercial catalysts. This is also due to the higher ruthenium oxide content, small

particles and optimally alloyed Pt-Ru particles.
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Figure 5-38: Chronoamperometry curves for commercial catalysts and prepared catalysts.

Table 5-53: Chronoamperometry results on commercial catalysts.

Commercial catalyst Current at 30 minutes (A/gmetal) Drop in current (%)
Commercial 1 17.5 32.6
Commercial 2 21.9 34.9

Prepared 66.9 37.9

The commercial catalysts show a slightly more stable Pt-Ru/C catalyst, Liu & Zhang (2009) found
catalysts with ruthenium alloyed are more stable than catalysts with unalloyed ruthenium.
Therefore, this increased stability is most probably due to the alloyed nature of these catalysts vs.
the relatively unalloyed nature of the prepared catalyst, however the difference in stability is not

significant.

This section has shown the best catalyst prepared in this work is more active for CO and methanol
oxidation than commercial catalysts. In addition, the catalyst particle sizes produced are small, have
an ideal morphology for oxidation and produce a high active surface area when compared to the

commercial catalysts.
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6. CONCLUSIONS

This study involved the systematic investigation of operating atmosphere, temperature, time and
Pt:Ru ratio in catalyst preparation by chemical deposition. The results have proven to be in line with
findings in the literature and confirmed reproducibility of the preparation method and testing

method.

An interesting finding was the difference in activity between deposition from precursors in vapour
and liquid phase. This could be explained by a higher ruthenium oxide content in an argon
atmosphere versus vacuum which leads to in increased activity for CO and methanol oxidation, as
seen in literature. This change in morphology, most probably including more surface oxides,

improved the activity for CO and methanol oxidation, and the stability of the catalyst.

The operating temperature of the furnace had a significant effect of the prepared catalysts. High
temperatures caused sintering of the catalyst particles and therefore a decrease in ECSA. In addition,
at high operating temperatures the platinum and ruthenium particles were more alloyed than at low
operating temperatures and less ruthenium oxides existed. The poor CO and methanol oxidation
activity at high operating temperatures was not solely attributed to low ECSA, but was also due to
increased alloying or decreased ruthenium oxides on the surface. This finding is in accordance with
literature stating unalloyed Pt-Ru is more active for methanol oxidation than alloyed Pt-Ru and
ruthenium oxides are essential for high methanol oxidation activity. However, the optimum reactor
temperature in the range investigated in the study, was not the lowest temperature of 300 °C but is
rather 350 °C. The catalyst produced at 300 °C has an extremely low degree of alloying but does not
have the highest activity for CO or methanol oxidation. It is thus believed that an optimum degree of
alloying exists, the reason for this is currently unclear. Furthermore, chronoamperometry results
show an increased instability of catalysts produced at high temperatures which is an additional

indication that high temperatures have a negative influence on the morphology of the catalysts.

The operating time of the furnace did not seem to have a significant impact on the particle size or
degree of alloying, however the ECSA of the prepared catalysts decreased with increasing time in the
reactor. This indicated that time spent at a high temperature negatively affected the prepared
catalyst’s morphology by reducing the active surface area, activity for CO oxidation and methanol
oxidation by reducing the ruthenium oxide content. Therefore, the best operating time for catalyst
preparation was found to be 30 minutes at operating temperature of 350 °C. It is interesting to note
the stability of the catalysts prepared at different operating times had similar catalyst stabilities, this

could be due to the similar degrees of alloying as it was constant.
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The Pt:Ru ratio plays a vital role in the bifunctional mechanism and, as seen in literature, is specific
to each individual method. As the platinum concentration decreased, the particle size decreased and
ECSA increased. The particle size decrease is due to the incorporation of smaller ruthenium atoms
into the platinum structure, this change can be seen in the increase lattice spacing of the catalysts.
The influence of the Pt:Ru ratio yielded interesting results for activity as the optimum ratio for CO
oxidation was not found to be the optimum ratio for methanol oxidation. The methanol oxidation
onset potential was similar across the Pt:Ru ratio range of 40:60 — 75:25, whilst CO oxidation onset
potential had a clear minimum at 50:50. This shows the CO oxidation onset potential is more
sensitive to changes in Pt:Ru ratio than methanol oxidation. Methanol oxidation current at 0.5 V vs.
RHE (uA/m?) and chronoamperometry experiments showed a Pt:Ru ratio of 50:50 to be the

optimum.

The literature on Pt-Ru catalyst particles is contradictory due to multiple factors affecting the
optimum composition, morphology and preparation method. Therefore it is important for each
researcher to investigate their own optimum conditions and confirm parallels with literature and the
reaction mechanisms. Papers by Waszczuk et al. (2001) and Chrzanowski & Wieckowski (1998)
confirm the more unalloyed Pt-Ru particles perform better for methanol oxidation, while Bock et al.
(2005) and Long et al. (2000) detail the positive influence of ruthenium oxides on CO tolerance and
methanol oxidation. The optimum ratio for CO tolerance and methanol oxidation ranges throughout
literature. This study could serve as additional information to add to the bank of knowledge on Pt-Ru

preparation by chemical deposition, in order to further the understanding of these catalysts.

The suggested future work based on these findings are to identify the degree of alloying influence on
the methanol oxidation, as seen in the temperature study. This is of importance since the results
hinted towards an optimum around 25 % Ru in Pt-Ru, showing the degree of alloying on methanol
oxidation is not a simple question of unalloyed vs. fully alloyed. Secondly, there are unanswered
guestions surrounding the ruthenium content on the surface. It is important to investigate this claim
further by HR-TEM, TEM diffraction patterns or XPS studies. It is important to note that the reaction
conditions were optimised for a Pt:Ru molar ratio of 1:1, and this could vary for a platinum ratio
higher than this, as the precursor decomposition temperature for platinum is lower than that of
ruthenium and this could influence the optimum reactor conditions for the different Pt:Ru ratios.
Therefore further investigation is needed to ensure these optimum reactor conditions hold for the
different Pt:Ru ratios. Since the pressure study of the catalyst preparation method showed
promising results towards a methanol oxidation for catalysts prepared at a higher pressure, further

investigations are needed into various argon pressures during preparation in order to optimise this
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preparation aspect. Lastly, additional preparation temperature studies are suggested to explore the
lower temperature range in order to gain more insight into a more accurate optimum preparation

temperature.
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7. APPENDIX

7.1. Temperature Effect on Cyclic Voltammograms
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Figure 7-1: First and 50" cyclic voltammetry curves for the catalyst produced under an argon

atmosphere at 350 °C for 4 hours.
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Figure 7-2: First and 50" cyclic voltammetry curves for the catalyst produced under an argon

atmosphere at 450 °C for 4 hours.
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Figure 7-3: First and 50" cyclic voltammetry curves for the catalyst produced under an argon

atmosphere at 600 °C for 4 hours.

7.2. Time Effect on Cyclic Voltammograms
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Figure 7-4: First and 50th cyclic voltammetry curves for the catalyst produced under an argon

atmosphere at 350 °C for 1 hour.
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Figure 7-5: First and 50th cyclic voltammetry curves for the catalyst produced under an argon

atmosphere at 350 °C for 2 hours.
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Figure 7-6: First and 50th cyclic voltammetry curves for the catalyst produced under an argon

atmosphere at 350 °C for 4 hours.
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Figure 7-7: First and 50th cyclic voltammetry curves for the catalyst produced under an argon

atmosphere at 350 °C for 6 hours.

0.7

7.3. Pt:Ru Ratio Effect on Cyclic Voltammograms
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Figure 7-8: First and 50th cyclic voltammetry curves for the catalyst with a Pt:Ru ratio of 50:50

produced under an argon atmosphere at 350 °C for 30 minutes.
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Figure 7-9: First and 50th cyclic voltammetry curves for the catalyst with a Pt:Ru ratio of 60:40

produced under an argon atmosphere at 350 °C for 30 minutes.
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Figure 7-10: First and 50th cyclic voltammetry curves for the catalyst with a Pt:Ru ratio of 75:25

produced under an argon atmosphere at 350 °C for 30 minutes.
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Figure 7-11: First and 50th cyclic voltammetry curves for the

produced under an argon atmosphere at 350 °C for 30 minutes.
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